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TOTAL OZONE BY LUNAR DOBSON OBSERVATION AT SYOWA, ANTARCTICA
f
Shigeru Chubachi, '_
I /
Meteorological Research Institute
l-1Nagamine Tsukuba [baraki 305 Japan
Ryoichi Kajiwara and Kouji Kondoh
Aerological O1)servatory
i-2 Nagamine Tsukuba 7baraki 305 Japan
Introduction The lunar Dobson observation is almost the only one way to get
the total ozone in or around the polar nig|_t season at high latitudes where the
total ozone observation by solar Dobson is not available. The total ozone
observations by lunar Dobson were carried cut at Syowa Station (69°S, 40°E),
Antarctica in 1969, and 1982 - 1986, in the months from March to October. In
this paper, we describe the method, the accuracy and the results of the lunar
Dobson observation carried out at Syowa Station from 1982 to 1986.
I. Instrument. The Dobson instrument used for lunar Dobson observation at Syowa
Station was Beck 122, but has been Beck 119 after February 1986. These Dobson
instruments are the same with that used in the ordinary solar Dobson
observation. The intensity of the moonlight is not so strong that a sun director
for lunar Dobson is equipped with a quartz lens (f=45cm) to condense the
moonlight. The position of the lens is set to get the maximum output in the "A"
pair wavelengths. No microscope is used, however we are able to see the focused
image of the moon on the input slit of the Dobson instrument.
2. Method. The total ozone measurement by lunar Dobson observation is carried
out with the moon light in clear sky at night. It is possible even if thin cloud
covers the moon. We need the clear image of the moon on the input slit. The
observation should be carried out near the culmination of the moon. "A" and "D"
wavelengths are used. The value of the extraterrestrial constant for lunar
Dobson observation is the same value as that for the sun. To observe total
ozone by lunar Dobson observation, five measurements with "A" and "D" pair
wavelengths are carried out. The calculation of the total ozone from the data of
the Dobson is made according to the WMO manual. The horizontal parallax is taken
into consideration.
3. Nisht representative. Since the accura,_y of the lunar Dobson when the
height angle of the moon is not established. We call the total ozone amounts
when the height angle of the moon is highest "Night representative" value. This
value should be the representative in the night 12 hour before and after the
culmination of the moon.
4. Accuracy. The results of the comparison of the n_ght representative of lunar
Dobson observation with the daily represent;_tive of solar Dobson is shown in
Figure i. This shows that the total ozone at night by lunar Dobson observation
is about 18 matm-cm greater than that in th_ daytime by solar Dobson. It is
necessary to check that this bias is common or not among other instruments and
other station.
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Fig. l Comparison of the total ozone of night representative with that of
the daily representative. If both daily representatives are
available, The abscissa shows the mean value of the da_ly
representative before and after the night when the lunar Dobson is
carried out, else it shows the either of them. It is shown the 18
matm-cm bias in night representative by lunar Dobson.
5. Total ozone in polar night at Syowa Station. By the use of the lunar Dobson
observation, we are able to get the seasonal change of the total ozone at Syowa
Station including Polar night season. Figure 2 shows the 4 year mean of the
daily representative total ozone at Syowa Station between February 1982 to
JaDuary 1986, superimposed with the 20 year mean of the daily representative
between 1961 to January 1982. It is shown that the spring time decrease starts
in early or middle August. It becomes minimum in early or middle October. Then
it turns to increase, it becomes maximum in early December and then decreases.
6. vertical profile of ozone decrease. Figure 3 shows the difference of the
monthly means of the vertical profiles between above two periods., i.e. 1966 to
January, 1982 and February 1982 to January 1986. This figure shows that the
maximum decrease occurs between 150mb and 70mb in October and in November. It
should be noticed that an increasing area exist at the height upper than 50 mb
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Fig. 3 The difference of the monthly means of the vertical profiles of
ozone partial pressure between the 1966 to January 1982 and
February 1982 to January 1986.
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Total Ozone Changes in the 1987 Antarctic Ozone Hole
Arlin J. Krueger, Mark S. Schoeberl, Scott D. Doiron,
Frank Sechrist, and Reginald Galimore
The development of the Antarctic ozone minimum was observed in 1987 with the
Nimbus 7 TOMS instrument. In the first half of August the near-polar (60 and
70 deg S) ozone levels were similar to those of recent years. By September,
however, the ozone at 70 and 80 deg S was clearly lower than any previous year
including 1985, the prior record low year. The levels continued to decrease
throughout September until October 5 when a new record low of 109 DU was
established at a point near the South Pole. This value is 29 DU less than the
lowest observed in 1985 and 48 DU less than the 1986 low. The zonal mean
total ozone at 60 deg S remained constant throughout the time of ozone hole
formation.
The ozone decline was punctuated by local minima which formed away from the
polar night boundary at about 75 deg S. The first of these, on August 15-17,
formed just east of the Palmer Peninsula and appears to be a mountain wave.
The second major minimum formed on September 5-7 again downwind of the Palmer
Peninsula. This event was larger is scale than the August minimum and
initiated the decline of ozone across the polar region. Possible under-
estimation of ozone due to high clouds associated with the mountain wave is
treated in a separate paper at this symposium.
The 1987 ozone hole was nearly circular and pole centered for its entire
life. In previous years the hole was perturbed by intrusions of the
circumpolar maximum into the polar regions, thus causing the hole to be
elliptical. The 1987 hole also remained in place until the end of November, a
few days longer than in 1985, and this persistence resulted in the latest time
for recovery to normal values yet observed.
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The Breakup of the Southern Hemisphere Spring Polar
Ozone and Temperature Miniinums from 1979 to 1987 _ :.!t9 _/li_"
Paul A. Newman I and Mark R. Sehoeberl 2 /) ( _
1Applied Research Corporation, 8201 Corpo:'ate Dr. Landover, MD 20785
2NASA/Goddard Space Flight Center, Greenb,_It, MD )0771
I. Introduction
During the late southern hemisphere !SH) spring, the total ozone field
has a broad scale polar minimum surrounded by a circumpolar maximum located at
40-60°S. During the spring polar vortex breakup or final warming, the ozone
minimum increases, and is usually displac_:d off of the pole into the western
hemisphere as the circumpolar ozone maximt_m intrudes onto the pole. The polar
ozone minimum rapidly fills prior to the hreakup.
Recently, it has been suggested that the October Antarctic ozone
depletion may be influencing the timing of the polar vortex breakup (Kiehl et
al., 1988). The breakup timing change would result from the reduced heating
of the polar lower stratosphere because of the depleted lower stratospheric
ozone mixing ratios. Since the vortex would be colder, zonal mean winds would
be stronger, and these stronger zonal winds would inhibit the vertical
propagation of waves into the stratosphere. The net effect is that the colder
vortex is stabilized against erosion by Ro:_sby waves, resulting in a delayed
polar vortex breakup.
The purpose of this study is to quantify the observations of the polar
vortex breakup. The data used in this stu::_y consist of Total Ozone Mapping
Spectrometer (TOMS) data, and National Meteorological Center (NMC) analyses.
The final warming is diagnosed using the difference between zonal means at 80 °
and 50°S for temperature, ozone, and layer mean temperature. The polar vortex
breaku_ can also be diagnosed by the onset of weak zonal mean zonal winds
(i.e. u, overbar denotes a zonal average) at 60°S.
If. Analy:_is
The polar vortex begins to erode in September at the high stratospheric
altitudes; this is subsequently followed b_ irreversible erosion at lower
levels later in the season as the Jet desc_nds. The final 100 mb breakup
usually occurs in late-November (Farrara ard Mechoso, 1986). The final
warming during 1987 is_illustrated in Fig. la using NMC u at 60°S and 100 mb
(short dash), T(8OoS)-T(5OoS) (hereafter r_ferred to as the temperature
difference) at 100 mb (solid), and the 80°-50°S 100-150 mb layer mean
temperature difference (long dash). Weak _onal winds (i.e. winds less than
20m/s) appear on December 12, 1987, the I0C mb temperature difference reverses
on December 9, 1987, and the 150-100 mb layer mean temperature difference
reverses on December 6, 1987. The higher levels have breakup dates which are
earlier (e.g. the 10 mb 80°-50°S temperature difference reverses on October 3,
1987). Figure Ib displays the ozone hole breakup using the zonal mean 80 °-
50°S total ozone difference (solid) and the the polar map minimum total ozone
values (dashed). The rapid breakup in late.November is accompanied by an
increase of total ozone values in the polar minimum. Other years show similar
evolution with time.
The breakup dates of the polar ozone m_nimum for all years 1979-1987 are
shown in Fi_. 2 usinK the 80°-50°S zonal mean total ozone differences (solid),
7
1OOmb temperature difference (long dash), and 1OOmb zonal meanwind (short
dash). The figure shows a general trend toward later final warmings.
However, the earliest 100 mb warming took place in 1986. Note also the
excellent correlation between the 100 mb temperature and the total ozone
differences. Comparisonsat other stratospheric levels are inconclusive
because of the large interannual variance of the breakdown date and the fact
that total ozone reflects lower stratospheric processes.
Finally, Fig. 3 shows a plot of the breakdowndate (from the 100 mb
temperature difference) versus the total ozone October mapminimumvalue.
Generally, the figure reveals reduced ozone in October is associated with a
later breakdowndate. Although this trend is significant at the 95%
confidence interval, at higher altitudes, the trend is not significant at the
95% C.I.
Individual plots of TOMS total ozone data for late November (not shown
here) indicate that the ozone minimum is remaining intact for a longer period
in the later years of the TOMS data set (i.e. 1985, 1986, 1987) than the
earlier years (i.e. _979, 1980, 198_, and _982).
111. Summary and Conclusions
Computations of the polar vortex breakdown date using NMC meteorological
data and TOMS total ozone data indicate that the breakdown is occurring later
in the spring in the lowest portion of the stratosphere. At altitudes above
1OO mb, the large interannual variance of the breakdown date renders any trend
determination of the breakdown date difficult. Individual plots of TOMS total
ozone indicate that the total ozone minimum remains intact for a longer period
of time than is observed in earlier years.
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Figure Captions
Figure I. Spring 1987 line plots of: a) NMC 80°-50°S 1OO mb temperature
difference (solid), NMC 80°-50°S zonal mean 100-150 mb layer mean temperature
difference (long dash), and zonal mean zonal wind at 60°S (short dash); and b)
TOMS total ozone 80°-50°S difference (solid), and TOMS total ozone map
minimums (short dash).
Figure 2. Polar vortex breakup dates (Julian day) versus year as diagnosed
from: a) 100 mb 80°-50 ° temperature differences (long dash), b) total ozone
80°-50°S zonal mean difference (solid), and 100 mb zonal winds (short dash).
Figure 3. Breakdown date from the 80°-50°S IOOmb temperature gradient plotted
against the TOMS October average map minimum.
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OBSERVATIONS OF STRATOSPHERIC TEMPERATURE CHANGES COINCIDENT WITH THE
RECENT ANTARCTIC OZONE DEPLETIONS j! '_ _
William J. Randel t_J
L-!
National Center for Atmospheric Research _ _ I_
Boulder, CO 80307 _ ::'
/-Paul Newman
Applied Research Corporation
Landover, MD 20785
1. INTRODUCTfON
A high degree of correlation between tile recent
decline in Antarctic totsJ ozone and cooling of the strato-
sphere during Austral spring has been noted in several
recent studies (e.g., Sekiguchi, 1986; Angel, 1986). This
study analyzes the observed temperature trends in de-
tail, focusing on the spatial and temporal aspects of tile
observed cooling. Ozone losses and stratospheric cool-
ing can be correlated for several reasons: 1) ozone losses
(from an unspecified cause) will directly reduce tempera-
tures due to decreased solar ultraviolet absorbtion (Shine,
1986), and/or 2) changes in both ozone and temperature
structure due to modification of stratospheric circulation
patterns (Mahlman and Fels, 1986). In order to scrutinize
various ozone depletion scenarios, detailed information on
the observed temperature changes is necessary: our goal
is to provide such data.
The data used here are National Meteorological
Center (NMC) Climate Analysis Center (CAC) derived
temperatures, covering 1000-1 mh (0-48 kin), for the pe-
riod 1979-1987. Discussions on data origin and quality
(assessed by extensive comparisions with radiosonde ob-
servations), along with other details of these observations,
can be found in Newman and Randel (1988).
2. OBSERVED TEMPERATURE TRENDS
Figure 1 shows October average ndues of total
osone and 70 mb (,,-19 km) temperature at the South
Pole [or 1979-1987 (the total ozone data is from Total
Osone Mapping Spectrometer (TOMS) observations, as
discussed in Schoeberl etal. (1986)). Strongly corre-
lated interunual variability is observed in both variables
in Fig. 1, along with a general decline over 1979-1987.
The dashed lines show linear dopes calculated over 1979-
1986, and we use similar linear trend analysis as an objec-
tive method to locate regions and times of large temper-
ature changes over this period. (We note here that linear
trends over eight years of data should not be interpreted
as monotonic climate variations--this is discussed below
in light of longer records of observations.)
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Fig. 1, October o_,em.ce r,aluej of fo_a! ozone (top) and
70 mb temperature (bottom) at the South Pole over 1979-
1987. The linear trend8 of each aerieJ over 1979-1986 arc
indicated by daJhed line,.
Figure 2 shows polar orthographic plots of 1979-
1986 trends in October average total or,one (left), said
70 mb (-,-19 km) temperature (right); here the trends have
been calculated separately at each horizontal grid point.
The similarity in patterns and details between the ozone
and temperature trends is intriguing: note not only tile
strong negative trends in both quantities centered near
the east coast of Antarctica, but correlated positive trends
west of South America near 500S. These highly spatially
correlated trends illustrate the coherent nature of inter-
annual osone-temperature vat/salons.
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TOMS OCTOaER TREND TOTAL OZONE
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Fig. t. Polar orthographic plots of 1979-1986 ii_ear trend, in October average total ozone
(left) and 70 mb tcmpemtur_ (right). The outer latitude iJ tl_ S. TheJe diageamJ are con.
strueted b v calculating the linear trend independentl_ at each horizontal grid point. Unit8
of DU/Fear and K/gear, re*pectit, el_.
Further spatial and temporal characteristics of the
NMC derived temperature trends are illustrated in Fig. 3,
which show meridional cross sections of trends in zonal
mean temperature (because of interannual vnxiability in
data _quisition procedures, trends in Fig. 3 above 10 mb
are not reliable, and should be viewed skeptically). Trends
calculated in Fig. 3 include the 1987 data. The strongest
sonal mean cooling is observed in October poleward of
40"S over 200-10 rob, and in November poleward of 60"S
over 200-30 rob.
A latitude-time section of the tonal mean temper-
ature trends st 50 mb (-_21 kin) is shown in Fig. 4b to
highlight the temporal evolution (a low pus filter has
been applied to the data in Fig. 4 to remove fluetua-
tions with periodicities below ,50 days). Also show, in
Fig. 4a is the 1979-1987 mean temperalure evolution at
50 mb. The trends (Fig. 4b} highlight strongest polar
cooling in October and November, with a mid-latitude
cooling band extending into December (note the lack of
high latitude cooling beyond November), along with high
latitude warming during August-September. Comparison
of the trends (Fig. 4b) with the mean evolution (Fig. 4a)
show that Idthough the spring warming progresses tome-
what slower during October-November (i.e., the negative
trends), temperatures in high latitudes following the final
warming (i.e., beyond November) have changed little over
this period.
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F;g. 5. Time sev_¢s o_ October aoemge ZOO mb temp_rn.
furs _* (7,) at Jou_" _elected stations around Antnr_tica. The
x's and light line: denote monthl_ mean rodin:nude ob.
zervation,, while the heavy line, oeer 1978-1986 are from
the NMC analit_es.
To evaluate longer term temperature fluctuations,
and check on the NMC data quality, we have studied avail-
able monthly mean stratospheric radioeoude observations
(RAOBS). Figure 5 shows time series of 100 mb Octo-
ber average temperatures at four selected Antarctic sta-
tions (these four have relatively complete RAOB records
over 1057-1984--more extensive comparisons are shown
in Newmaat and Randel, 1988). Althoug'-: ,:_,-ca NMC
RAOB eomparions are restricted to 1978-1984, overall
good agreement is seen between the two data sets (in
particular, similar sized interannual differences). Further-
more, inspection of these longer term records shows no
evidence for monotonic climatic trends, in spite of the de-
crease in temperatures seen over 1979-1986. These data
lead to the conclusion that linear trends derived from lim-
ited time samples (such as the eight years studied here)
should not be treated M representative of long term vari-
ation..
3. SUMMARY
Large decreases in October average total ozone
in the Southern Hemisphere over 1979-1987 are highly
Ipatially correlated with contemporaneous cooling of the
lower and middle stratosphere. This study analyt, es the
spatial _md temporal nature of the oblz'rved temperature
change_, with the following main results:
1 ) Stratmpherlc polar cooling is strongest in October-
November, extending over 200-10 mb (11-32 ira)
(Figs. 3 and 4b), and the patterns are highly zon-
ally asymmetric (Fig. 2). Loci/ temperature dif-
ferences between October 1979 sad October 1986
of 12K ,rod 16"K are observed at 70 -.d 30 rob,
respectively, coincident with a local column ozone
aecre:_e of 160 DU. Seasonal and zonal mean esti-
mates at temperature changes result in aubstantii/
underestimates.
2) Inspection of the 1979-1987 trends in light of the
longer historical record from RAOB data shows
no evidence of monotonic climatic variations; the
1979-1987 temperature declines are not distingulsh-
able from other decadal time sci/e fluctuations.
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ANTARCTIC MEASUREMENTS OF OZONE_ WATER VAPOR, AND AEROSOL
EXTINCTION BY SAGE I[ IN THE SPRING OF 1987 _\//>'_; <" "
._/_--
J. C. Larsen, ST Systems Cor[1., Hampton, VA 23666 /_ !/'_ ""
M. P. McCormick, NASA Langley Research Center, Hampton, VA 23665-5225
Realization that springtime ozone aburdances have declined rapidly in the
past decade (Farman etal., 1985; Stolarski et al., 1986) led to several
intensive measurement campaigns (NOZE, 198_; NOZE II, 1987; and AAOE, 1987)
with the goals of characterizing chemical and dynamical conditions in the
Antarctic region to better understand the (!epletion phenomenon. Concurrent
with these campaigns, and also in 1985, the Stratospheric Aerosol and Gas
Experiment II (SAGE If) obtained simultaneous measurements of ozone, water
vapor, and multiple wavelength aerosol extinction at high southern latitudes
in September and October.
SAGE II uses the solar occultation technique to measure the extinction of
aerosols and trace gases during spacecraft sunrise/sunset. Fifteen sunset and
sunrise measurements evenly distributed over longitude along a latitude circle
are obtained daily. The highest latitudes reached in September and October
are approximately 66°S an_ 72°-73°S, respectively. Although the vortex typi-
cally remains centered on the pole during _his time period, it is not entirely
zonal, thus providing measurement opportunities over a wide range of meteoro-
logical conditions each day. The extent to which SAGE II penetrates the vor-
tex each day can be estimated hy comparing the 50-mb temperatures at the
SAGE II measurement locations to 50-mb map temperature minimums. By October 4
in all three years, SAGE II encountered 50-mb temperatures within I to 2
degrees of the daily map minimum. Figure ] displays the daily minimum total
ozone profiles (which generally correspond to the daily minimum 50-mb tempera-
ture) observed by SAGE II for i0 days in October 1985, 1986, and 1987. The
top frame presents the ozone profiles as concentration versus altitude, the
primary SAGE II data product. In the middle frame are the same profiles
expressed as ozone partial pressure versus pressure with the help of the NMC
temperature data shown in the bottom frame. The loss region extends from
about 13 to 22 km for 1985/1987, while for 1986 the upper boundary of the loss
region is about I km lowe_. Thus, the 1986 profiles display peak ozone values
some 5 to 20 nbars higher than the 1985/1987 peaks of 70 to 80 nbars at
35 mbars altitude. Minimum ozone values within the depletion region are
I0 nbars on October 8, 1985/1986, and fall below 5 nbar on October 7 and 9,
1987. Despite a gradual shift northward of the extreme measurement latitudes,
the 1987 ozone depletion is considerably greater than either 1985 or 1986.
The October 9, 1987, profile is notable in that minimum values on 5 nbar
extend over a 4-km layer. The minimum concentration for this profile, which
is also the monthly minimum, dropped to less than I.OE + 11 (molecules/cm 3) at
16 km which is considerably lower than the 1985/1986 monthly minimum attained
on October 8 of 4.0E + II (molecules/cm_). The daily total ozone (lO0-mb
base) minimums in 1987 dropped 17 percent relative to 1985, the previous worst
year.
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In this talk we will present recent measurementsof ozone, water vapor,
and aerosol extinction from the spring of 1987, comparethem to 1985 and 1986,
and relate the observed changes to variations in meteorological conditions in
the vortex for these three years. March ozone data at similar latitudes for
these three years will be used to investigate coupling between the severity of
the springtime depletion and early fall values. Wewill also investigate
correlations between the measuredspecies of water vapor, ozone, and aerosols
throughout the vortex region.
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The Three-Dimensional Morphology of the Antarctic Ozone Hole
A. C. Aikin and R. D. McPeters
Laboratory for Atmospheres, NASA/Goddard Space Flight Center
Abstract
The three-dimensional morphology of the spring antarctic ozone
distribution as determined by the Nimbus 7 SBUV instrument is
presented for the period 1 to ii October in 1986. The data show
that a clearly defined minimum in ozone relative to the local
ozone field extends throughout the stratosphere from the
tropopause to above 50 km, though decreasing in intensity with
altitude. Near 18 km _zone in the ozone hole is 50% less than
the average surrounding ozone. But even at 50 km the ozone is
20% less than the surrounding ozone field. The ozone minimum in
the upper stratosphere is displaced about 6 degrees toward the
equator so that observations at a fixed station may provide the
illusion that the ozone minimum is restricted only to low
altitudes. While the ozone minimum is spatially coherent
throughout the stratosphere, there are differences in the
behavior of ozone at different altitudes that suggest the
existence of at least three distinct altitude domains. Below 30
km ozone is characterized by classic "ozone hole" behavior.
Between 33 and 43 km ozone is more stable, actually increasing
during September and October.! Above 43 km ozone has always
decreased during September to a minimum in October, but it has_
suffered a long term decrease of 7-12% since 1979 similar to
that seen at low altitudes.
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ESTIMATION OF ERRORS IN THE TOMS 3OTAL OZONE MEASUREMENT DURING
THE ANTARCTICA OZONE CAMPAIGN OF AUCUST/SEPTEMBER 1987
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The TOMS instrument on the Nimbus-7 satellite provides the
primary source of total ozone data [or the study of total ozone
in the polar regions of the earth. There are no comparable
instruments either on the ground or on the satellites that
provide the coverage, the accuracy and the spatial resolution of
TOMS necessary for understanding the dynamical and chemical
processes that may have triggered the formation of the ozone hole
in the Antarctica region.
However, by the time of the Antarctlca Ozone campaign of Aug/Sept
1987, TOMS had completed almost nine years of continuous
operation in space during which there has been degradation in the
instrument's performance resulting in significant calibration
drifts and increased noise. In addition, the unusual atmospheric
conditions prevailing in the Antarctica ozone hole, such as very
low stratospheric temperatures, stratospheric clouds, and
extremely low ozone amounts were not anticipated in the design of
the TOMS retrieval algorithm. The purpose of this paper Is to
quantify the errors In the TOMS total ozone measurements
resulting from both the instrument degradation and the retrieval
algorithm.
There are two types of instrument related errors: a slowly
developing drift in the instrument calibration since the launch
of the instrument in October 1978 a_id an increase in the
measurement noise beginning April, [984. We estimate that by
October 1987, the accumulated error in the TOMS total ozone
measurement due to instrument drift is about 6 m-atm-cm. The sign
of the error is such that the TOMS is slightly overpredlctlng the
long-term decrease of the Antarctica ozone. The increase in the
measurement noise is more difficult to quantify affecting some
measurements by as much as I0 D.U. and others not at all. A
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detailed analysis of this error and its potential impact on the
studies of total ozone from TOMS will be provided.
There are three categories of algorithmic errors: I) error due
the unusual shape of the ozone profile in the ozone hole 2)
error caused by very low atmospheric temperatures in the ozone
hole affecting the ozone absorption cross-sectlons at the TOMS
wavelengths, and 3) errors resulting from occasionally thick
stratospheric clouds that sometimes reach to 20km in the ozone
hole .
Simulation results indicate that the TOMS ozone retrieval
technique is quite robust; even for the highly unusual ozone and
temperature profiles found in the ozone hole the algorithm
returns total ozone values close to the correct answer. Very
close to the terminator the current TOMS algorithm may
underestimate the total ozone by as much as i0 m-atm-cm but the
error decreases rapidly with decreasing solar zenith angle. We
will propose some simple algorithmic modifications, such as
giving more weight to the longer (more penetrating) wavelength
pairs, that can reduce this error even further.
Errors in the presence of clouds are harder to quantify since
little information is available about the total optical thickness
and vertical distribution of these clouds. Though the satellite
measurements such as SAGE II and SAM II and the measurements from
the aircraft detect significant amounts of stratospheric
aerosols/Ice clouds before and during the ozone hole episode,
these clouds are generally too thin to produce significant error
in the TOMS total ozone determination. Normal tropospheric clouds
found in the south polar regions also produce little or no errors
in the TOMS measurements. There are, however, aircraft reports of
very high altitude (10-15 km) cirrus type clouds that may have
large enough optical thickness to produce significant error in
the determination of the TOMS total ozone.
Lackln 8 the necessary information about the optical properties of
the stratospheric clouds, we will provide results of sensitivity
calculations for clouds of various optical thicknesses at
different heights in the atmosphere. Further studies- a careful
analysis of visible and infrared pictures from the AVHKR
instrument on the NOAA satellites coupled with the aircraft
measurements and the ultraviolet reflectlvity data from TOMS -
will be necessary before one can provide reasonable upper and
lower bounds on the errors due to stratospheric clouds.
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NMC STRATOSPHERIC ANALYSES DURING THE 1987 ANTARCTIC EXPEDITION
By Melvyn E. Gelman, Climate Analysis Center, NMC, NOAA
Washington D C. 20233
and Paul A. Newman, Applied Research Corporation
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INTRODUCTION
Stratospheric constant pressffre analy:;es of geopotential height and
temperature, produced as part of regular operations at the National
Meteorological Center (NMC), were used by :;everal participants of the
Antarctic Ozone Expedition. This paper gi-_es a brief description of the NMC
stratospheric analyses and the data that a_e used to derive them. In
addition, comparisons of the analysis valuers at the locations of radiosonde
and aircraft data are presented to provide indications for assessing the
representativeness of the NMC stratospheric analyses during the 1987 Antarctic
winter-spring period.
THE NMC STRATOSPHERIC ANALYSES
Since 24 September 1978 daily global fields of temperature and
geopotential height at eight stratospheric levels (70, 50, 30, i0. 5, 2, I,
and 0.4 mb, approximately 18 to 55 km) hav,::_ been produced at NMC, Climate
Analysis Center (Gelman et al 1986). This series of stratospheric analyses
is separate from the NMC Global Data AssimLlation System (GDAS) (Dey and
Morone, 1985) analyses from I000 to 50 mb. There are two levels (70 and 50
mb) that are analyzed both in the GDAS and stratospheric series. The
GDAS analyses are available at both 00 GMT and 1200 GMT for use in the NMC
numerical forecast system, while the strat,_spheric analyses, not part of the
forecast system, are done only for 1200 GM'[7. Since the GDAS 70 and 50 mb
analyses are within the top layer of the NIIC numerical model, the
limitations implicit in the top boundary a:e most evident there. While
every analysis system has its own limitati,_ns, the analyses from the
stratospheric series at 70 and 50 mb and hLgher are the fields that are most
used for research purposes.
A principal data source for the stratospheric analyses comes from the
Tiros Operational Vertical Soundings (TOVS) derived from the NOAA satellites.
The TOVS system (Smith et al, 1979) is mad<_ up of the Stratospheric Sounding
Unit (SSU), the lligh Resolution Sounder (H[RS-2), and the Microwave Sounding
Unit (MSU). The TOVS soundings derived by the National Environmental
Satellite Data and Information Service (NEI;DIS) provide layer mean temperature
between the standard pressure levels. Upda::ing relationships used to derive
temperature profiles from the satellite raliance measurements is different for
differents layers. For the layers from I0,)0 to i0 mb, the relationships
(regression coefficients or eigenvectors) ire based on a coincident sample of
radiosonde and satellite measurements coll._cted for the past week (or up to 3
weeks in areas of sparse data). For layer:; from i0 to 0.4 mb, the regression
coefficients are not updated from their pr_-launch values, because of lack of
sufficient in-situ data to perform this fu:_ction. Temperatures at the NMC
stratospheric analysis levels are found by linear interpolation in log
pressure of the layer mean temperatures. The geopotential heights are derived
by interpolating from the GDAS field the i_0 mb height to the location of each
TOVS temperature profile. The hypsometric equation is then used to calculate
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heights above I00 mb at each NMC analysis level.
The NMC stratospheric analyses use only TOVS data for all levels in the
southern hemisphere and for 5 to 0.4 mb in the northern hemisphere. The
northern hemisphere 70 to I0 mb analyses also use radiosonde data which are
analyzed to modify the first guess field produced from the TOVS data.
DATA COMPARISONS
Figure 1 shows results of comparisons of radiosonde data with TOVS data
colocated within 150 km and 3 hours of each other. The summaries for
August, September, and October 1987 for the region 60 to 90 South shows how
the average differences, especially at the upper levels, vary over this
region. While some of the bias may be attributed to radiosonde error, much
of the difference is due to limitations on the vertical resolution of the
TOVS data and lags in the TOVS coefficients, based on recent past radiosonde
data, due to rapid seasonal changes. Over most areas and pressure levels,
however, the TOVS data provide very good information for use in
meteorological analyses.
Figure 2 shows a comparison of temperature values from the ER-2 special
flights over Antartica during July and August 1987 with NMC analysis values
interpolated to the aircraft pressure and location. Again there is
very good agreement over most of the range. The large differences at higher
temperatures occur at lower tropospheric levels, while the differences
at the lowest temperatures are probably due to an NMC underestimate of the
extremely low temperatures.
Figure 3 shows time series from mid July to mid October 1987 of 70, 50,
and 30 mb temperature values interpolated from the NMC analyses to the loca-
tions of three radiosonde stations. There is reasonably good overall agreement
in the temporal changes shown from the NMC values as compared with radiosonde
temperatures. Most difference is seen at the upper level, consistent with the
biases shown in figure I. Correlation coefficients range from .98 at 30 mb
South pole to .56 at 50 mb McMurdo.
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THE UW DIGITAL OZONESONDE: CHARACTERISTICS AND FLOW RATE CALIBRATION.
J.W. Harder
Cooperative Institute for Research in Environmental Sciences ._, I ,- :
University of Colorado/NO_%, Boulder, Colorado 80309-0449 =--.
f
D.J. Hofmann, J.M. Rosen, and N.T. Kjome ,'7c']L'-
Department of Physics and Astronomy /{j L/ I
University of Wyomlng, Laramie, WY 82071 7_"
During the austral springs of 1986 and ]987, a series of balloon soundings
were conducted to characterize the temporal and vertical development of Antarc-
tic ozone depletion using the electrochemical concentration cell method (ECC).
An important part of this study was to perform correlative studies between ozone
and aerosol particles. In order to facilitate these simultaneous measurements,
a digital ozonesonde system was developed to interface with aerosol counters.
The ozone measurements will be described herein. The ozonesonde modification
was accomplished by converting the current output of the sonde to a frequency
and adding this digital signal to the serial data stream of a Vaisala Corpora-
tion RS-80 radiosonde under microprocessor control. This system has a number of
advantages over the standard ozonesonde system currently in use, namely:
l) The high quality compensated operational amplifier used in the current-
to-frequency conversion of the electrochemical current produces a
linear cell response transfer function.
2) A measurement of pressure, temperature, humidity, ozone partial pres-
sure, and (if present) aerosol concentration is transmitted every 5.24
seconds using a standard 403 MHz transmitter and FSK telemetry. Once
the incoming signal has been received and decoded, IBM compatible com-
puter hardware can store the data on floppy disk ready for detailed
analysis.
3) A measurement of ozone partial pcessure every 5.24 seconds permits
complete resolution of electrochemical response time of the ECC (about
20 seconds).
4) Any sensor that has a TTL compatible frequency output can be interfaced
to this system• But, the system can still be used as a stand-alone
ozonesonde and is inexpensive enough to be used as a "throw away"
instrument.
The multiple instrument capability of this system was utilized to study the
response variability of two independent ozonesondes in the balloon flight
environment prior to Antarctic deployment. These dual unit flights demon-
strated that for pressures greater than about 50 mb (in the ozone hole region)
agreement between units is quite good, on the order of 5%. However, for pres-
sures less than 50 mb significant variations were observed, suggesting the need
for individual pump efficiency calibration of each ozonesonde before balloon
flight. The apparatus used to find the pump efficiency as a function of pres-
sure is shown in Figure i.
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Figure I. Apparatus used to perform ozonesonde pump calibrations.
This system essentially measures the length of time required to pump out a fixed
volume of air. The differential pressure sensor measures the endpoints of when
the bag is empty and full. The result of 45 individual ozonesonde pump calibra-
tions is given in Figure 2.
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Figure 2. Measured flow rate correction as a function of pressure for the
average of 45 ozonesondes (dashed curve), individual data for I0 sondes in this
data set, the recommended pump calibration, and the calibration of a good pump.
See text for details.
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This figure shows the average of 45 pump efficiency factors (dashed curve), and
the pump callhratlons for ten ozonesondes i11 this data set (labeled according to
the date that they were flown). Also show_1 in this figure is the efficiency of
a "good" pump. This pump consists of a gear pump that has the bearings and gear
teeth coated with vacuum grease to prevent any air leakage. This test demon-
strates the response of a leak free pump and that the bag deflation technique
gives reasonable results for a pump that behaves differently from the ozonesonde
pump. Finally, the figure shows the pump efficiency correction factor quoted in
the Ozonesonde Operations Handbook (NOAA Technical Memorandum ERL ARL-149). This
pump correction factor is markedly dlfferen_ from the one found in this study.
The differences are most significant at higher altitudes and can be as large as
15%. Figure 3 shows the differences betweeu these two pump calibrations for two
flights in Antarctica in 1987.
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Figure 3. Comparison of pump correction factors to_ ,wo flights _n 1987. The
dashed curve used the recommended flow rate correction factor, the solid curve
used the pump calibrations found in this study.
In this figure, the profiles marked ECC are profiles derived from the recom-
mended pump calibration, the profiles labeled D-W are the profiles found using
the individual pump corrections. Using th(_ UW corrections, the integrated ozone
was found to be 274 DU on August 29, and ]48 DU on October 27. Using the
standard correction, the derived integrated ozone columns would be 260 and 137
respectively. Figure 4 shows a comparison of the total ozone found from the
Total Ozone Mapping Spectrometer and from integrated ozonesonde data in 1987.
Agreement is generally quite good except for early in the season when the ozone-
sonde tends to give higher total ozone values.
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Comparison of total ozone as found by the Total Ozone Mapping Spec-
and that found by integrating the ozonesonde height profiles in 1987.
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The long-term changes in stratospheric ozone in both Antarctic and Arctic
regions during the period November 1978 - October 1986 exhibit significant
Interhemispherlc differences in terms of-tlme of onset, altitude, latitude,
longitude, and phase. The 8-year data set of stratospheric ozone derived from
observations with the Nimbus 7 SBUV instrument were deseasonallzed by
subtracting monthly deviations from 6-year monthly means for I0 ° bands
centered at latitudes 80°S-80°N and the 64x64 standard NMC grid at standard
pressure levels in the atmosphere. Linear trends are derived from the linear
regression of monthly deviations from long term monthly means in terms of
annual and monthly trends for the latitude region 55°-81 ° in both hemispheres.
An assessment has been made of the SBUV instrument drift from analyses of
annual deviations from long term annual means of stratospheric ozone in north
temperate regions from 25°N-55°N with corresponding Umkehr observations from
5 stations at latitudes from 36°N-52°N which have been corrected for
stratospheric aerosols derived from 5 lidar stations (DeLulsl and Mateer,
1988).
Antarctic Region (55°S-81°S)
The vertical distribution of ozone depletion in the Antarctic region can
be separated into two altitude regionS, above i0 mb and below 15 mb. At
altitudes above i0 mb up to 0.3 mb, the maximum ozone depletion which is about
3% y-i at 1.0 mb is observed during the months of May, June and July, (winter)
which is the period of coldest temperatures at high latitudes in the Southern
Hemisphere. In the lower stratosphere a maximum ozone depletion of about
5.5% y-I is observed at 40-50 mb during October which is about two months
after the coldest high latitude temperatures at the 40-50 mb level.
The geographical location of the zonally symmetric strongest poleward
gradients of ozone depletion is the same in both the upper (altitudes 2 mb and
below) and lower stratosphere, offset from the pole along the 30°E longitude
meridian. In the upper stratosphere and lower stratosphere ozone ° depletion
accelerates after early 1981.
Arctic Region (55°N-81°N)
The seasonal variation of the profile of ozone d_f,]etio,_ in the region
55°N-81°N suggests the existence of two aitit.,d, t_g_o_,s ,,_ ),ign values
of ozone depletion in the upper stratosphere above 3 mb and the middle-lower
stratosphere, 5 mb-40 mb with the maximum seasonal differences observed near
the 1.0 mb and 10-15 mb levels.
Maximum rates of ozone depletion are observed during February and March
in the upper stratospheric region and during February in middle stratospheric
region. These maximum rates of ozone depletion are observed approximately two
months after the coldest zonal mean high latitude stratospheric temperatures
in the Northern Hemisphere. At altitudes of 2-5 mb and in the vicinity of the
30 mb level strong poleward gradients are observed in the geographical
distribution which are centered slightly offset from the pole along the
longitude meridian of about 30°E. An acceleration in the rates of ozone
depletion in the Arctic region is observed beginning in early 1982. This
onset of an acceleration of ozone depletion begins approximately one year
later in the Northern Hemisphere than in the Southern Hemisphere.
The characteristics of high latitude rates of ozone depletion suggest
that dynamical p[ocesses are important as well as photochemical and radiative
processes in the formation of regions of eDhanced ozone depletion in the
Antarctic and Arctic regions.
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OZONE PROFILE MEASUREMENTS AT MCMURDO STATION ANTARCTICA DURING THE SPRING OF
1987.
D. J. Hofmann, J. W. Harder, J. M. Rotten, J. Hereford, and J. Carpenter
Department of Physics and Astronomy _
University oi Wyoming ! _',/ / _.
Laramie, W__ 82071
/
During the Antarctic spring of 1986, 33 ozone soundings were conducted from
McMurdo Station. These data indicated that the springtime decrease in ozone
occurred rapidly between the altitudes of 12 and 20 km. During 1987, these
measurements were repeated with 50 soundings between 29 August and 9 November.
Digital conversions of standard electrochemical cell ozonesondes were again
employed. The ozonesonde pumps were i_dividually calibrated for flow rate as
the high altitude performance of these puuos have been in question. While these
uncertainties are not large in the region of the ozone hole, they are signifi-
cant at high altitude and apparently resulted in an underestimate of total ozone
of about 7% (average) as compared to the Total Ozone Mapping Spectrometer (TOMS)
in 1986, when the flow rate recommended by the manufacturer was used. At the
upper altitudes (=30 km) the flow rate may be overestimated by as much as 15%
using recommended values (see Harder et al., "The UW Digital Ozonesonde: Charac-
teristics and Flow Rate Calibration", poster paper, this workshop). These upper
level values are used in the extrapolation, at constant mixing ratio, required
to complete the sounding for total ozone.
The first sounding was on 29 August, prior to major ozone depletion, when 274
DU total ozone (25 DU extrapolated) was observed. By early October total ozone
had decreased to the 150 DU range; it then increased during mid-October owing to
motion of the vortex and returned to a value of 148 DU (29 DU extrapolated) on
27 October. The recommended ozonesonde fi:)%1 rate would have given 137 DU (25 DU
extrapolated) on 27 October. TOMS recorde:i 150 DU on this day over McMurdo (A.
Krueger personal communication, 1988). In general, agreement with TOMS was very
good except for the period 3-9 September wi_en the soundings indicated more ozone
than derived from TOMS data (see Figure I)
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Figure I. Total ozone at McMurdo in 1987 ;_s determined by ozonesondes (circles)
and TOMS satellite data (stars). Also _hown is the 12-20 km ozone column and
the 18±1 km average temperatures from the c,zonesonde data.
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The differences in early September are larger than can be accounted for by
ozonesonde uncertainties. This apparent.dlscrepancy may be related to the ef-
fect of high clouds on remotely sensed data at this time. Warmer temperatures
at 18 km and high ozone above this altitude from about 7-24 October marked a
period when McMurdo was near the edge of the ozone hole region. However, this
did not affect the 12-20 km ozone column substantially (see Figure i) where
ozone fell sharply in September and remained low throughout October and early
November. A major portion of the decrease (about 50 DU) occurred between 13 and
17 September (see Figure i). The average rate of ozone mixing ratio decrease at
18 km in September was greater than in 1986 with a halflife, for an exponential
decay, of 12.4 days as compared to 25 days.
The 16 km ozone partial pressure decreased from about 150 nbar in late August
to about 3-5 nbar in early October representing a reduction in excess of 95%
(see Figure 2). This may be compared to a minimum of about I0 nbar at McMurdo
in 1986. Since the minimum ozone partial pressures in 1987 are near the back-
ground level of the electrochemical sensor under the prevailing conditions, and
since some ozone may have diffused into the minimum region, the depletion may in
fact have been total at some earlier time in this air mass. It may thus be dif-
ficult to determine the strength of the depletion mechanism from such
measurements.
The 1987 ozone hole was also greater in vertical extent, reaching to 23 km as
compared to about 20 km in 1986. The lower boundary was similar (about 12 km)
with ozone depletion delayed at 12 km until about mid-September. In order to
reach total ozone values as low as 105-110 DU, as reportedly observed in limited
regions by TOMS, and restrict the depletion region to 12-23 km as observed in
the McMurdo ozonesonde data, one would have to totally deplete ozone over that
entire region. It is thus possible that the depletion extended to somewhat
higher altitudes in limited regions. Again the possible effect of spatially
limited dense clouds on remotely sensed ozone data needs to be investigated.
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The large variability observed in ozone profiles in the hole region in
October 1986 was again observed in 1987 mainly in the 7-24 October period when
McMurdo was farthest from the center of the hole. This suggests that most of
these ozone layers are probably associated _ith the walls of the ozone cavity or
polar vortex region. On September 20, reductions in ozone in =i km layers in
the 12-18 km region were correlated with reductions in temperature. The latter
were near the frost point for water (see Rosen et al., "Balloonborne Antarctic
Water Vapor Measurements and their Impact on PSC Theories," this workshop) and
cloud formation may have played a role. However, on this occasion the assoc-
iated ozone variations appear to be the result of adiabatic mixing in 1-2 km
thick layers and are probably related to mountain generated waves and the for-
mation of nacreous clouds which were observed at this time. Major nacreous
cloud events were observed at McMurdo o_ 17 September in 1986 and on 20 Sep-
tember and 5 October in 1987.
Other than on the somewhat rare occasions associated with mountain lee waves,
temperature and ozone mixing ratio profiles showed no evidence for general ver-
tical motions with constant mixing ratio during the formation of the ozone hole
(see Figure 3). The dominant depletion mechanism appears to begin in the 20 km
altitude region and creates ozone mixing ratios which decrease with altitude in
the hole region suggesting a local sink rather than transport of ozone out of
the region. Small regions of vertical motion, as associated with the unusual
temperature profile of 20 September may be important in ozone variations in the
lower stratosphere especially after mid-September.
Figure 3. Three-dimensional ozone partial pressure and mixing ratio surfaces
versus time and altitude constructed from I_ soundings during the 29 August to
30 September 1987 period at McMurdo.
Acknowledgements. This research was supported by the National Science Foun-
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2ST Systems Corporation, Hampton, VA 23666
3University of Iowa, Iowa City, IA
The Dynamics Explorer satellite (DE_) carries an Auroral Imaging
Package which contains filters designed for performing backscatter
ultraviolet measurements to measure total column ozone in the
Earth's middle and lower atmosphere. Measurementb are obtained at
317.5 mm (to measure ozone absorption) and 360 nm (to measure scene
reflectivity). This subset of the Auroral Imager is called the
Spin Scan Ozone Imager (SOI). Using the spin of the spacecraft (in
conjunction with a scanning mirror), a spin-scan image of the Earth
may be obtained every 12 minutes. The apogee of the spacecraft is
extraordinarily high (23,000 km) compared, for example, with the
Nimbus 7 apogee (955 km), and this allows global scale ozone images
to be obtained of the illuminated Earth in just 12 minutes. With
the high apogee, both temporal variations at a location can be
studied for hours at a time, and synoptic images of larger portions
of the ozone field can be obtained than from previous BUV-type
measurements.
In October 1985 and 1986, measurements were obtained near apogee of
the Antarctic "ozone hole." The only other high spatial resolution
measurements were obtained from the Nimbus 7 TOMS experiment. In
October 1987, the Dynamics Explorer apogee had precessed into the
Northern Hemisphere preventing measurements of the ozone hole.
However, measurements should be obtained from DE of the ozone hole
in both 1988 and 1989. Considering that the Nimbus 7 TOMS
instrument has long exceeded its expected lifetime, the DEI SOI
experiment could easily play a crucial role in studies of the ozone
hole over the next few years.
Shown in Fig. 1 is a contour chart of the ozone hole obtained from
the DE SOI experiment for October 12, 1985. Notice the three-sided
configuration of the ozone hole and that the hole is not centered
on this day on the Pole. Shown in Fig. 2 is a comparison of the DE
SOI measurements with ground-based total column ozone measurements
from various Dobson stations. The provisional measurements from
Halley Bay are somewhat lower than the extraordinarily low ozone
values measured by the DE-SOI experiment. However, the general
agreement with the Dobson stations is quite good.
Shown in Fig. 3 are contours of the NMC temperatures at 70 mb for
October 12, 1985. At mid-latitudes, it may be seen that generally
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maximum temperatures appear near the location of maximum column
ozone, and minimum temperatures occur near minimum total ozone.
The correspondence of high ozone an_ high temperature may be
partially attributed to subsidence resulting in adiabatic heating
and also in convergence of the ozone field.
The Antarctic ozone hole, where lowest temperatures and ozone
concentrations occur, is shielded and shaped by the polar vortex,
which results in the temperature an_ ozone contours in the hole
having similar shapes. A study of satellite data reveals rapid
hourly changes of the evolution of contours of minimum ozone within
the ozone hole, suggesting that daily maps do not necessarily
represent mean daily conditions of ozone within the hole.
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Figure I. DE-I SOl measurementsot total column ozone (Dobson units) for day
285of 1985over the South Pole. The latitude and longitudeintervals or, I0
degreesand the heavy dashed lines are for contour intervals ot less than
250 Dobsonunits.
Figur_ 3. NMC tomp,_raturecontours at the altitude of l0 mb for IZZ on _y
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I. Introdt_ction
On August 13 and September 2, 1986, rapid declines of total ozone in the
south polar region were observed in Total Ozone Mapping Spectrometer (TOMS}
data (Mark Schoeberl, personal communication). The two events were labeled
mini-holes because of their rapid decline rates, and their small horizontal
scales (1000-3000 km), as opposed to the long-term decline rate and planetary
scale of the ozone hole. Two more mini-hcles were observed on August 17 and
September 5, 1987 during the Antarctic Airborne Ozone Experiment (AAOE).
The purpose of this paper is to describe the properties of mini-hole
events. Both TOMS data and National Meteorological Center (NMC) meteorological
analyses will be used to determine the horizontal, vertical and temporal
characteristics of the mini-holes.
II. Analysis
As originally observed, the mini-holes showed horizontal spatial scales
of 1000-3000 km, were usually located near the Palmer penninsula region (70°S
65°W), and produced rapid 20-30 DU reductions of the polar total ozone minimum
value. Fig. I displays the 1987 map minimLlm total ozone values. These values
were determined from the lowest gridded TOMS data value between 50°S and
90°S. The crosses on the figure denote days when the minimum value decreased
by at least 20 DU over a single day. These sudden decreases are typical of
each spring, usually occurring in August and September. The years 1979 and
1984 each had 6 mini-holes which resulted Ln at least a 20 DU decrease, while
1981 had only I mini-hole. Horizontal map_ of mini-hole locations during
August-September 1979 through 1987 indicate two preferential regions of
intensification: I) the Palmer penninsula i65-75°S, 60-80°W); and 2) the East
Antarctica ice sheet (70-80°S, 40-I00°E). The majority of mini-holes appeared
over the first region.
In order to illustrate the temporal b_havior of the mini-holes, the TOMS
data have been band-pass filtered (half-amplitude points of 10 and 3 days}.
Fig. 2 shows these band-pass filtered data as a Hovmoller plot (only negative
contours are plotted for ease of interpretation). The mini-holes are observed
as the strong negative disturbances near 75°W on August 17 (day 16) and
September 5, 1987 (day 35). It is now apparent that the mini-holes are
eastward propagating disturbances which intensified in the 75°W region. In
addition, the plot shows the detailed behavior of the mini-hole event of mid-
August as two separate features. The first disturbance appeared on day 14
(August 15) near 120°W, moved rapidly eastward and intensified near 60°W by
August 17. A second weak disturbance near 135°W appeared on August 16,
intensified, and moved eastward to 60°W by August 19. The second mini-hole of
September 5 can be traced from the weak disturbance mentioned previously which
developed on August 16 near 135°W. This disturbance propagated completely
around Antarctica at a phase speed of 10 m/s over a 17 day period and re-
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intensified in the 65°Wregion.
Figs. 3 show polar stereographic projections of band-pass filtered total
ozone (Fig. 3a), and band-pass filtered IOOmbtemperatures {Fig. 3b) on
September 5, 1987. Excellent spatial correlation between these data sets is
obvious. The mini-hole of September5 is clearly identifiable in Fig. 3a as
the low total ozone region which extends from the base of the Palmer
penninsula (70°S, 60°W) into the region slightly west of South America. An
identical feature is observed in the band-pass filtered 100mbtemperatures in
Fig. 3b. Thus, the total ozone field is highlyt correlated with lower
stratospheric temperatures at small horizontal and short time scales. Note
that the both filtered data sets show a distinct northwest-southeast tilt.
Band-pass filtered geopotential heights (not shown here) show an anti-
cyclone which is closely associated with the mini-hole, but is phase shifted
slightly to the west of the mini-hole on both Aug. 17 and Sep. 5. The
unfilterd geopotential heights show stong northward flow in the mini-hole
region. The vertical structure of the mini-hole features show a slight
westward tilt with altitude for both the filtered temperatures and
geopotential heights. Finally, the absolute value of Ertel's potential
vorticity {Epv) shows a strong positive correlation, but with a slight phase
shift of the Epv to the east of the mini-hole.
III. Summary
Mini-holes are rapidly developing (I-5 days), small horizontal scale
(1OO0-30OO km) features which appear in the polar total ozone field during
September and October of each year. Typically, a total of I-6 mini-holes
appear each year in either the Palmer penninsula region or over the East
Antarctica ice sheet. The mini-holes do not develop over these two regions,
but they intensify most dramatically there (possibly associated with the local
orography). The mini-holes are associated with cold pools of air in the lower
stratosphere, anti-cyclonic (geopotential height highs) disturbances to their
west, high potential vorticity slightly to the east, and strong northward
flow. These meteorological feature are baroclinic, having a distinct westward
tilt with increasing altitude.
Figure Captions
Figure I. TOMS total ozone minimum values for the southern spring 1987. The
mapped minimum is the lowest total ozone value observed in the TOMS data
between latitudes 50°S to 90 ° The crosses denote map minimum decreases which
exceeded 20 DU in a single day (Aug. 15, Aug. 17, and Sep. 5, 1987).
Figure 2. Hovmoller plot of band-pass filtered TOMS data. Only the -5 DU,
-10 DU, -20 DU, and -30 DU contours are shown for ease of interpretation. The
filter has half-amplitude points of 3 and 10 days.
Figure 3. Horizontal plots of band-pass filtered TOMS total ozone (3a, 10 DU
contour increment), and NMC 100 mb temperatures (3b, 1°K contour increment).
The band-pass filter has half-amplitude points of 3 and 10 days. TOMS data in
3a are omitted from 20°S to 32°S.
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Abstract
Between 1966 and 1970 constant density GHOST balloons
floating at a pressure of I00 and 200 mb were launched from
Christchurch N.Z. The balloon positions were obtained from
the sun's elevation angle and the radio direction to the
balloon. The system is described and the balloon position
data are given by Solot (1972).
The GHOST balloon position as a function of time data
shows that the atmospheric circulation around the Antarctic
Continent at the I00 mb and 200 mb levels is complex The
GHOST balloons supposedly follow the horizontal trajectory
of the air at the balloon level. Trajectories that are
moving towards the South Pole could indicate air converging
on the pole. The convergence would indicate a change in
the vertical velocity at that level over Antarctica. The
vertical motion could influence the processes associated
with ozone growth and decay. The air moving towards the
South Pole could also have an ozone content different from
that of the displaced air.
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Figure i. shows the position of GHOSTballoon 98Q for
a three month period in 1968. The balloon moved to within
2 deg of the South Pole on 1 October 1968 and then by 9
December 1968 was 35 deg from the South Pole and close to
its position on 1 September 1968. The balloon generally
moved from west to east but on two occasions moved in the
opposite direction for a few days.
Figure 2 gives the latitude of GHOSTballoons 98Q and
149Z which was at 200 mb. Both balloons tended to get
closer to the South Pole in September and October. Other
GHOSTballoons at the same pressure and time period may not
indicate similar behavior.
GHOSTballoon flights in adequete numbers should be
made below, within, and above the ozone depletion region in
Antarctica to possibly determine the role of the
atmospheric circulation in the ozc:_ne depletion between June
and December.
Reference:
Solot, S.B. (1972): "Complete I00-and 200- mb GHOST
Balloon Data: 1966-1970", NCAR Technical Notes, National
Center for Atmospheric Research, _oulder, Colorada.
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Ghost Balloon 98Q
Pressure-t00 mb
Launched I Oct 1967 Christchurch, N.Z.
SeptemOer 1968 lo .------ _'-.
I-9 December 1968
October 1968
Figure i. Position at 0000 GMT of GHOST balloon 98Q for
September, October, November, and part of December 1968.
The positions are connected by a straight line.
/
//
\
4O
9O
80
70
60
,q
6
5o
_0
3C
2O
I | II I I II
9 o.loo
Omb
980.100 mb
1_9Z. 200 mb
I t !1 I ,i It I 1
11 21 311 11 ,tl 311 10 20 301 9
Sept 1968 Oct 1968 Nov 1968 Dec 1968
GHOST BAt LOON
Figure 2. Latitude of GHOST balloons 98Q and 149Z for the
period 1 September to 9 December 1968. Balloon 149Z was at
a pressure of 200 mb.
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OZONE PROFIIES ABOVE PALMER STATION, ANEARCTICA _I ¢_
NASA G._FC,/Na].lo_ Flight Facility
Wallops Island, VA 23337 _/_(
George Brothers _/ _
Wallops Island, VA 23337
Both NASA and the NSF sponsored major expeditions in 1987 aimed at
studying the Antarctic ozone depletion pheIK_. In a cooperative
effort between these two ventures, NASA's GSFC/WalIops Flight Facility
conducted a series of 52 balloon-borne measurements of vertical ozone
profiles over the NSF research facility at Palmer Station, Antarctica
(64°46'S, 64°3'W) between August 9 and October 24, 1987. High
resolution measurements were made frc_ ground level to an average of i0
rob.
Ozone measurem_ were made with Electrochemical Conoentration Cell
(ECC) ozonesondes (Science Pump Corporation, Camden, NJ) coupled to
meteorological radiosondes for data transmission to a ground receiving
station. Prior to its use in a sounding, each sonde was calibrated
relative to a UV-absorption ozone monitor (Dusibi Environmental Corp. )
that was, in turn, calibrated against a 3-meter UV absorption _hotometer
at Wallops. The sonde's precision in the stratosphere bel_ 10mb is
estimated to be 5% (one sigma).
The tes_oral behavior of the vertical structure of ozone over Palmer
Station was rather complex. Meteorological distortions and movements of
the polar vortex about the Antarctic continent resulted in Palmer being in
the region of maximum ozone depletion on scme days, and outside of this
region on other days. Figure 1 illustrates this, using two ozone profiles
c_tained three days apart. The profile of 10/6/87 is "normal," while that
of 10/9/87 shews ozone partial pressures to be less than 10nb in the
50-80mb altitude region. Clearly, these profiles were measured in two
entirely different air masses. The 9/24/87 profile shown in Figure 2
demonstrates the complex structure sumetimes observed in the ozone
distribution over Palmer. These features prc_ably result from horizontal
mixing between the two types of air masses when the polar vortex boundary
is near the Palmer site.
While much variation was seen in the profile amounts of ozone, it is
clear that a progressive depletion of ozone occurred during the
measurem_Tt period, with maximum depletion taking place in the 17-19kin
altitude region. Ozone partial pressures dr_ by about 95% in this
region. In Figure 3 are plotted time dependences of ozone amounts
observed at 17km and at arbitrarily selected altitudes below (13kin) and
above (24km) the region of maximum depletion. Ozone partial pressure at
17km is about 150nb in early August, and has decreased to less than 10nb
in the _ in October. The loss rate is of the order of 1.5%/day.
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During this same period, theI_ is only a slight decline in ozone
at the higher and lower altitudes and, at 24km, there is a slight
near the end of the period. (The mid-August gap in the 24kin data
to unusually cold stratospheric temperatures that caused premature
bursts. ) The much smaller ozone diff_ across the vortex
at the lower and higher altitudes are indicated here by smaller
day to day variations than are seen at 17km.
The total ozone ov_en can be estimated from ozonesonde data by
integrating the profiles up to the balloon burst point, and assuming a
constant mixing ratio above this altitude. Figure 4 shows how the total
ozone, in Dobson units, changed during the _ period. Again
there is a clear trend downward, until near the end of the measures_t
period. Initially, total ozone amounts sometimes exceeded 300 DU. By
early October, minimums are as low as 150 DU. As might be expected given
the behavior seen in Figure 3, fluctua__ions in total ozone closely follow
changes in ozone partial pressure at 17km (linear correlation coefficient
= o.s6).
In _, a progressive depletion in stratospheric ozone over
Palmer Station was Qbse_rved from August to October, 1987. Maximum
depletion occurred in the 17-19kin range, and amounted to 95%. Total ozone
overburden decreased by up to 50% during the same period.
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Figure 1. ozone profiles outsld_ (10/6/87)
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Total Ozone, Ozone Vertical Distributio_m, and Stratospheric Temperatures _,/:/_._
/ ? /at South Pole, Antarctica, in 1986 and 1987 _ ,_)_/
W. D. Komhyr, R. D. Grass, and P. J. Reitelbach _j _ '
NOAA Air Resources Laboratory, Boulder, Colorado
/-
'r
P. R. Franchois
Cooperative Institute for Research in Enviromental Sciences, _ , ,_;_.___9-
University of Colorado, Boulder, Colorado _ _)_) '
S. E. Kuester .o _/_' / _ //-
NOAA Corps, Rockville, Maryland _ _ "-/' ..,"
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Seventy-six ECC ozonesondes were flo_m at South Pole, Antarctica, during
1987 in a continuing progra_ to document year-round changes in Antarctica
ozone that are dynamically and photochemically induced. Dobson spectro-
photometer total ozone observations were also made. For the twilight months
of March and September when Dobson instrur_Lentobservations cannot be made at
South Pole, total ozone amounts were deduced from the ECC ozonesonde
soundings. ECC sonde total ozone data obtained during the polar night (April-
August), furthermore, supplemented the sparse total ozone data obtained from
Dobson instrument moon observations. Sim: lar ozone profile and total ozone
observations were made at South Pole in 1986.
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FiEure I. Daily total ozone amounts at South Pole in 1986 and 1987, including
a portion of the 1978 total ozone record showing the springtime ozone
increase that occurs each year in Antarctica.
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As shownin Figure I, the 1987 annual course of total ozone at South Pole
differed significantly from that of 1986. For the time interval January-May,
the average total ozone amount in 1987 was larger than in 1986by about 8%.
During the polar night of both years, total ozone increased from about 245
D.U. (D.U. = Dobsonunit = milli-atm-cm ozone) in early June to 280-290 D.U.
in August• Ozonedecreased rapidly during Septemberof both years to a low of
158 D.U. in early October 1986, but to an unprecedented low of 127 D.U. in
early October 1987. Thereafter the ozone began to recover, with the recovery
proceeding considerably more slowly (with a 3-4 week delay) in 1987 than in
1986. Comparedto the time of the springtime ozone increase at South Pole in
1978 (Figure I), the delay in the 1987 springtime ozone increase was 6-8
weeks. At year end for both 1986 and 1987, the total ozone amount at South
Pole was 315 D.U.
The 1987 October (October 15-31) meantotal ozone amount at South Pole
was 138 D.U. The previous October meanlow, of 161 D.U., occurred in 1985.
The average total ozone amount for October months at South Pole during 1964-
1979 was 292 D.U.
The 1987 NovemberSouth Pole total ozone mean, of 184 D.U., was also
unusually low. The previous Novembermeanlow of 238 D.U. occurred in 1985.
The 1964-1979average total ozone amount for Novembermonths at South Pole was
351 D.U.
ECCozonesondeobservations showedthe springtime reduction of ozone
between 11 and 22 km (180 and 25 mb) in the stratosphere to be more pronounced
in 1987 than in 1986 (Figure 2). Ozonevolume mixing ratios (not shown) in
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Figure 2. Comparison of South Pole October 16 and November 19-20 ozone and
temperature profiles for 1986 and 1987. The August 20, 1987 profile
depicts the character of the ozone vertical distribution at South Pole
prior to the time of onset of the springtime ozone decrease phenomenon.
Numbers under the date labels are total ozone amounts in D.U.
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the heart of the ozone depletion region (at -16 km altitude) ranged from 0.2
to 0.4 parts per million by volume (ppmv) in 1986, but approached 0.04 p_v in
1987. (Such low ozone volume mixing ratios normally occur in the troposphere
and in the low stratosphere). The obserw_d mixing ratios of 0.04 ppmvmay
have been an artifact of ECCozone sensor output current "tailing" that occurs
at low output currents. Thus, depletion c_f ozone between 50 and 100 mb at
South Pole during early October 1987 mayhave been virtually complete.
In 1986, at 16 km altitude, ozone decreased during August 20 to September
20 from about 2.0 to 1.0 ppmv, with an ex_,onential decrease half-life of 34
days. During September21 to October 15, the ozone was additionally reduced
from 1.0 to 0.3 ppmv, with an exponential decrease half-life of 11 days.
The ozone reduction in the 16 km stratospheric region was more rapid in
1987. During August 20 to September31, the ozone mixing ratio decreased from
2.3 to 0.6 ppmv, the exponential decrease half-life being 22 days. Additional
ozone reduction during October I to 12, from 0.6 to 0.04 ppmv, proceeded with
an exponential decay half-life of about 3 days.
Stratospheric temperatures near 50 m_over South Pole during August 20 to
September3 were 2°C colder in 1987 tha_ _n 1986 (-90°C vs -88°C). The
temperature difference increased with time, becoming 6°C by NovemberI (-70°C
and -76°C in 1986 and 1987, respectively). With the break-up of the
circumpolar vortex about November15, 1986, the temperature at 50 mb over
South Pole soared to -28°C. Cold stratos_heric temperatures at 50 mb
persisted, however, throughout muchof the latter one-half of November1987,
with the temperatures being nearly 40°C colder than in 1986. With breakdown
of the circumpolar vortex in late November-early December, 1987, the 50 mb
stratospheric temperatures for 1986 and 1987 becamecomparable at about -33°C.
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Correlation of N20 and Ozone in the Southern Polar Vortex
during the Airborne Antarctic Ozone Experiment
S. E. Strahan (1,2), M. Loewenstein (2), J. R. Podolske (2),
W. L. Starr (2) , M. H. Proffitt (3), K. K. Kelly (3),
K. R. Chan(2)
(i) National Research Council Research Associate
(2) NASA Ames Research Center, Moffett Field, CA 94035
(3) NOAA/ERL/Aeronomy Laboratory, 325 Broadway,
Boulder, CO 80303
In situ N20 mixing ratios, measured by an airborne laser
spectrometer (ATLAS), have been used along with in situ ozone
measurements to determine the correlation of N20 and ozone
in the Antarctic stratosphere during the late austral winter.
At all latitudes, N20 has a constant mixing ratio of N300
ppbv in the troposphere, but decreases with increasing altitude
above the tropopause. Ozone has a very mixing ratio in the
troposphere, which increases rapidly above the tropopause and
peaks near 35 km; its mixing ratio decreases above 35-40 km.
In the lower stratosphere, where they are neither produced or
destroyed, N20 and ozone are conservative tracers. Their strong
anticorrelation provides a signature of lower stratospheric
air. Regions where this correlation is altered may serve as a
diagnostic for sites of ozone loss.
During the 1987 Airborne Antarctic Ozone Experiment (AAOE),
N20 data were collected by a laser absorption spectrometer on
board the ER-2 on five ferry flights between Ames Research
Center (37°N) and Punta Arenas, Chile (53°S), and on twelve
flights over Antarctica (53°S to 72°S). Vertical profiling
between 14 and 20 km on the flight of September 29 (flying from
53°S to 41°S) produced an average stratospheric correlation
coefficient for N20 and ozone of -0.87(23). Averaging over
all AAOE flights south of Punta Arenas between 53°S and 56°S,
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the correlation coefficient of N20 and ozone was -0.81(25).
The first flight out of Punta Arenas, on August 17, re-
vealed N20/03 correlations between 53°S and 67°S that were
similar to those observed on the fecry flights. However, from
August 23 to September 22, all flights reveal a different yet
consistent pattern of information. Between 53°S and 72°S, we
observed that the N20/03 correlation coefficient is always
positive at the edge of the polar w:)rtex as defined by the wind
speed maximum. Inside the vortex, __n the lower wind region
where wind speed drops by a factor c_f 2 or more from the maximum,
N20 and ozone have a negative correlation. The low ozone mixing
ratios observed inside the vortex, however, differentiate this
air from negatively correlated lower stratospheric air outside
the vortex. The lowest ozone mixin_i_ ratios observed each flight
were usually found inside the vorte>i in the lower wind region,
near the boundary with the high wind region.
Of all the trace gas species measured by instruments on
board the ER-2, only one showed a relationship to the N20/03
correlations in the vortex. With few exceptions, positive
N20/03 correlations coincided with total water mixing ratios
of greater than 2.9 ppmv, and total water mixing ratios of less
than 2.9 ppmv corresponded to negative correlations. The lower
water mixing ratios, or "dehydrated regions," are colocated with
the negative correlations within the vortex, while the wetter
regions always occur near the vortex edge.
N20 mixing ratios in the vortex range from 85 to 200 ppbv
between 17 and 21 km. According to global averages [WMO, 1982],
these mixing ratios correspond to seasonally averaged midlatitude
observations at altitudes of 22 to 3[ km. Because the anti-
correlation of N20 and ozone extends to roughly 40 km, regions
of positively correlated air are not evidence of subsidence.
Changes in N20 mixing ratio may be u:_ed to indicate regions of
ozone loss, even when ozone mixing ratios remain constant, due
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to the strong anticorrelation that N20 and ozone exhibit in un-
perturbed lower stratospheric air. We conclude that regions of
positive correlation between N20 and ozone may be interpreted
as either evidence of a chemical depletion process, which may
have occurred elsewhere, or as evidence of horizontal mixing of
normal lower stratospheric air with ozone-depleted vortex air.
Because air outside the vortex is relatively high in both N20
and ozone, and air within the vortex is low in both N20 and
ozone, horizontal mixing between these two regions would pro-
duce a "transition zone" where N20 and ozone both decrease,
resulting in positive correlation. The return to negative
correlation within the vortex, while ozone mixing ratios remain
low, implies a region of less severe ozone depletion because
the ozone is increasing.
The relationship between N20/03 correlation and water
mixing ratio is a striking phenomenon. The positively cor-
related regions with low ozone and high water near the vortex
edge may be in a region of horizontal mixing, perhaps in the
process of "mixing out" of the vortex, having already been
chemically processed. The low ozone, dehydrated regions with
negative correlation within the vortex may point to regions
of ongoing ozone loss.
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PERSISTENCE OF ANTARCTIC POLAR STRATOSPHERIC CLOUDS
M. P. McCormick, NASA Langley Research Center, Hampton, VA 23665-5225
C. R. Trepte, ST Systems Cori>., Hampton, VA 23666
It has recently been recognized that 1:_olar Stratospheric Clouds (PSCs)
may have multiple stages of growth (Poole and McCormick, 1988a): the
preliminary stage consisting of binary HNO_-H20 particles (Type I) at tempera-
tures slightly above the frost point (Toon et al., 1986, and Crutzen and
Arnold, 1986) and another stage composed p1_edominantly of ice (Type II) below
the frost point. Crutzen and Arnold (1986_, McElroy et al. (1986), and Toon
et al. (1986) have suggested that the formation of PSC particles may effec-
tively immobilize the gaseous NO x reservoi" and allow for the catalytic
removal of ozone in the early Antarctic spi_ing. In light of these develop-
ments, the persistence of PSCs observed by the Stratospheric Aerosol Measure-
ment (SAM) II satellite sensor over a 9-year period is compared and
contrasted. Details of the SAM II experim,_nt are contained in McCormick
et al. (1979) and McCormick et al. (1982). Histograms of the SAM II 1.0-pm
extinction ratio data (aerosol extinction formalized by the molecular extinc-
tion) at an altitude of 18 km in the Antar:tic have been generated for three
10-day periods in the month of September and are presented in
Figures I-3. Statistics for eight differe_it years (1979-1982 and 1984-1987)
are shown in separate panels for each figu e.
Examination of Figure I (September I-I0) shows a wide range of extinction
ratio values in each panel. For the most _>art, minimum values approach 0.25
whereas maximum values for each case vary <:onsiderably over the range from
10-100. It is not apparent from the shape:: of the histograms that a pre-
ferred mode exists, but the plots do show _ tendency for more larger values to
be present in the later 4 winters than in 1=he earlier set. Based on the
inverse cemperature-extinction relationshio reported by McCormick et al.
(1982), the higher extinction ratio values sighted should be accompanied by
colder temperatures. Associated temperatu1"e data, obtained from the NMC tem-
perature analysis and not shown here, do n._t exhibit distinctly colder condi-
tions in the later 4 years. This inconsis::ency may be partially explained by
uncertainties in the NMC analysis or by re_l changes in the environmental
concentration of water vapor or nitric acid vapor as the result of particle
sedimentation. The second 10-day period, _eptember 11-20, is presented in
Figure 2. It shows that the mode of the d_stribution has shifted toward
smaller extinction ratios, which continues into the last 10-day period dis-
played in Figure 3 (September 21-30). The_;e very low values are likely due to
particle evaporation and the vertical redistribution of the aerosol layer by
subsidence and sedimentation that takes pltce over the course of winter.
Usually by the end of September, the lower stratosphere above about 17 km is
"cleansed" of smaller particles present pr or to PSC formation. Unlike any of
the other years, PSCs (values >10) are clearly evident in the 1987 data set
throughout September and into the first we._k of October. Although data are
not presented in this abstract on PSCs at _,ther altitudes, clouds tend to per-
sist slightly longer at lower heights (16 _tm) and also disappear earlier at
higher altitudes (20 km). In fact, extinct:ion ratio values >10 were observed
for the first time at 16 km throughout Sepi:ember in 1985 and again in 1987.
Further, PSCs persisted through mid-Septeml,er 1987 for the first time at
20 km.
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Since the SAM II system is a solar occultation experiment, observations
are limited to the edge of the polar night and no measurements are made deep
within the vortex where temperatures could be colder. For this reason, we
make use of the NMC global gridded fields and the known temperature-extinction
relationship to infer additional information on the occurrence and areal
coverage of PSCs. Calculations of the daily areal coverage of the 195 K
isotherm will be presented for this same period of data. This contour level
lies in the range of the predicted temperature for onset of the Type I
particle enhancement mode at 50 mb (Poole and McCormick, 1988b) and should
indicate approximately when formation of the binary HNO3-H20 particles begins.
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' Comparison of In Situ Aerosol Measurements with SAGE II and SAM II
Aerosol Measurements during the Airborne Antarctic Ozone Experiment
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G. V. Ferry(l), M. P. McCormick(2), R. F. Pueschel(1),
and J. M. Livingston(3)
(I) NASA Ames Research Center, Moffett Field, CA 94035.
(2) NASA Langley Research Center, Hampten, VA.
(3) STI International, Menlo Park, CA.
Models indicate that stratospheric aerosols play a major role in the
destruction of ozone during the Austral winter. Although man[, in situ
measurements of stratospheric aerosols were made during the Airborne
Antarctic Ozone Experiment, changes of aerosol concentration and size
distributions across the polar vortex are important to understanding
changes of chemical species taking place during this time. Therefore
comparison the in situ measurements with measurements made by
satellites scanning wider areas are will give a clearer picture of the
possible role played by aerosols during this period.
The SAM II instrument consists of a single-channel sun photometer
designed to measure atmospheric extinction at a wavelength of 1
micrometer (McCormick et ai.,1979) during local satellite sunrise and
sunset. At this wavelength the attenuation of sunlight by gaseous
absorption is negligible, and the extinction due to molecular
scattering can be removed so that the measured irradiance data can be
reduced and inverted to give an aerosol extinction profile with a l-km
vertical resolution (Chu and McCormick, 1979).
The SAGE II instrument is a seven-channel sun photometer similiar to
SAM II (Mauldin, et al., 1985). SAGE II provides verticle profiles of
ozone, NO2, water vaper and aerosol extinctions at 1.02, 0.525, 0.453,
and 0.385 micrometer wavelengths. In general, the lower altitude limit
for the aerosol extintion at 1.02 micrometers is the cloud top (as is
SAM II), the lower altitude limit for the aerosol extinction at 0.525,
0.453, and 0.385 micrometers are 6.5 km, 10.5 km, and 14.5 km
altitudes, respectively, if they are above the cloud top.
SAM II measurements are all made at polar latitudes of 64 to 80 S and
64 to 80 N. SAGE II coverage is from 80 S to 80 N latitudes varying
with season.
In situ measurements were made by Particle Measuring Systems ASAS-X and
FSSP particle spectrometers, and by NASA-Ames Research Center's Wire
Impactor. The ASAS-X aerosol spectrometer sizes aerosol particles from
0.I to 3.0 micrometers diameter. The FSSP aerosol spectrometer sizes
particles from 1.0 to 8.0 micrometers. The wire impactor collects
particles on 500 micrometer diameter wires and then sizes them using
scanning electron microscope images.
The wire _mpactor size distributions are compared to those from the
aerosol spectrometers and a best fit size distribution determined.
Aerosol extinctions are calculated from the in situ measurements and
compared to the extinctions measured by the satellites. Five
comparisons are made with SAGE II and four with SAM II. Extinctions
agree as close as a factor of two.
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STRATOSPHERIC AEROSOL AND CLOUD MEASURF-_ENTS AT MCMURDO STATION ANTARCTICA
DURING THE SPRING OF 1987.
D. J. Hofmann, J. M. Rosen, and J. W. Harder
Department of Physics and Astronomy
University of Wyoming
Laramie, WY 82071
Measurements of stratospheric aerosols with balloonborne optical particle
counters on 6 occasions at McMurdo Station (78"S) in the spring of 1986 indi-
cated subsidence of the stratospheric sulfate layer during the time that the
ozone hole was forming (Hofmann et al., 1988). Since dynamic models of ozone
depletion involving upwelling in the spring polar vortex would suggest the op-
posite, we repeated the measurements %zith an increased frequency (about one
sounding per week) in 1987. During 3 of the aerosol soundings in 1986, temp-
eratures in the 15-20 km range were low enough (<-80"C) for HNO 3 to co-condense
with water according to several theories of polar stratospheric cloud formation.
However, particles were not observed with the characteristic size suggested by
theory (=0.5 _m). For this reason, it was proposed that polar stratospheric
clouds may predominantly consist of large (=5-50 pm) ice crystals at very low
(=I0"4-I0 "3 cm -3) concentrations (Rosen et al., 1988). The particle counter
employed would be relatively insensitive tc these low concentrations. With the
increased frequency of soundings in 198/, and adding additional size discrim-
ination in the 1-2 pm region, this hypothesis could be verified if suitably low
temperatures were encountered.
Between August 29 and November 6, ter_ 8-channel (r _ 0.15 to 2 _m) aerosol
detectors were flown. Of these, 8 returned size distribution information to
altitudes in excess of 20 km, well above the sulfate layer at I0-15 km. As in
1986, no evidence for vertical motions could be found in the aerosol profiles
during the time that the ozone hole was forming (see Figure i).
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Figure i. (Left) Time development of the aeIosol concentration profile for radii
greater than 0.15 _m and (Right) the size distribution (hkm averages) at the
stratospheric concentration maximum at HcMurdo Station between August 29 and
November 6, 1987. Vertical bars indicate the statistical uncertainty in the
number of particles counted in hkm at the corresponding concentrations.
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Size distributions in the stratospheri_ sulfate layer indicated the presence
of large (r = 1-2 _m) particles at concentrations of i0 "s - 10 .2 cm "s in late
August and early September (see Figure I). By the middle of September the large
particles were absent. Although sizes greater than 2 pm could not be resolved,
the size distributions are not-lnconsistent with concentrations in the 10 .4 -
i0 "s cm -s range for particles of 5-10 pm size. The large particles in the sul-
fate layer disappeared when temperatures were in excess of about -79"C (after
about September 15) except on October 5 when 1-2 pm particles were observed at
concentrations as high as 0.i cm -s and temperatures as high as -74°C in the II-
13 km region (see Figure 2). This event was observed in lidar data at McMurdo
(B. Morley, personal communication) with scattering ratios <3 and nacreous
clouds were observed that evening.
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Figure 2. (Left) Aerosol concentration profiles and (Right) the associated size
distribution (hkm averages) at McMurdo on October 5, 1987. Vertical bars
indicate the statistical uncertainty in the number of particles counted in the
_km at the corresponding concentrations.
An unusual event was observed in the 17-20 km region on Augu_ i) _he.. .e_-
eratures from -85 ° to -87°C were encountered. Both the small particle (0.15-0.3
pm) and large particle (1-2 pm) modes were enhanced with concentrations ranging
from 10-80 cm "3 for r _ 0.15 _m and 0.1-2.0 cm °3 for r _ I _m. Malfunction of
the instrument above 20 km prevented observation of the top of this apparent
cloud. A pronounced twilight reddening of the sky indicated clouds at altitudes
in the 20 km region that evening. A successful sounding 22 hours later under
similar temperature conditions did not reveal unusual particle concentrations in
this altitude range. Twilight observations could not be made owing to cloud
cover that evening. The McMurdo lidar was not operating during this period. A
measurement of the total aerosol concentration (condensation nuclei, r _ 0.01
pm) 47 hours later with about 2°C higher temperatures, indicated concentrations
of about 10-15 cm -3 in this altitude range. Although the measurement on August
29 could not be confirmed, inverse correlations in the two size modes and the
shape of the size distributions are physically reasonable. The small particle
mode indicated a mass of about 50 ppb (p - 1.2) while that in the large particle
mode suggested a lower limit (having no size resolution above 2 pm) of about
0.35 ppm (p - I). These numbers translate into about 12 ppbv HNO 3 for a 50%
}{NO s aerosol in the small particle mode and about 0.55 ppmv for water in the
large particle mode.
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Measurements of condensation nuclei (CN) were conducted on 7 occasions in
1987. In 1986 a pronounced layer of CN (=50 cm -s) was observed on all 3
soundings just above the ozone hole (=22-24 km). No CN measurements were made
prior to ozone hole formation in 1986 so it was not known if this unusual CN
layer formed during the polar winter or at the time of ozone hole formation. In
1987 a successful CN sounding was conducted on August 31, before major ozone
depletion had begun. While CN concentrations were relatively high (= 10-20
cm "a) in the 20-25 km region, no distinct layer of =50 cm "3 was observed.
However, by mid-October the layer had developed with concentrations as high as
i00 cm "3 from 20-23 km (see Figure 3). It thus appears that this phenomenon is
related to photochemistry. Temperatures in the region of the CN layer of -60 °
to -70°C again indicates that the composition of these small particles must be a
sulfuric acid - water mixture similar to the sulfate layer. While their
connection to the ozone hole phenomenon remains a mystery, they suggest unusual
photochemistry, possibly related to OCS conversion to H2S04, taking place in the
springtime polar vortex.
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BALLOON BORNE ANTARCTIC FROST POINT MEASUREMENTS AND
THEIR IMPACT ON POLAR STRATOSPHERIC CLOUD THEORIES
James M. Rosen, D.J. Hofmann
J. R. Carpenter and J. W. Harder
Dept. of Physics and Astronomy
University of Wyoming
Laramie, WY 82071
and
S. J. Oltmans
GMCC NOAA
Boulder CO 80303
ABSTRACT
The first balloon borne frost point measurements over
Antarctica were made during September and October, 1987 as part of
the NOZE II effort at McMurdo. The results Indicate water vapor
mixing ratios on the order of 2 ppmv in the 15 to 20 km region
which Is somewhat smaller than observed at mid-latltude and
significantly smaller than the typical values currently being used
In polar stratospheric cloud (PSC) theories. The observed water
vapor mixing ratio would correspond to saturated conditions for
what is thought tobe the lowest stratospheric temperatures
encountered over the Antarctic. Through the use of available lldar
observations there appears to be significant evidence that some
PSCs Form at temperatures higher than the local frost point (wlth
respect to water) In the 15 to 20 km region thus supporting the
nitric acid theory of PSC composition. Clouds near 15 km and below
appear to form in regions saturated with respect to water and thus
are probably mostly ice water clouds although they could contain
relatively small amounts of other constituents. Photographic
evidence suggests that the clouds Forming above the Frost point
probably have an appearance quite different From the lower
altitude Iridescent, colored nacreous clouds.
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LARGE-SCALE VARIATIONS IN OZONE AND POLAR STRATOSPHERIC CLOUDS MEASURED WITH
AIRBORNE LIDAR DURING FORMATION OF THE 1987 OZONE HOLE OVER ANTARCTICA
Edward V. Browell, Lamont R. Poole, M. Patrick McCormick, Syed Ismail,
Carolyn F. Butler a, Susan A. Kooi a Margaret M. Szedlmayer a
Rod Jones b, Arlin KruegerCl and Adrian Tuck d
Atmospheric Sciences Division _j , _ _ " ,
NASA Langley Research Center _- _ /_/ j, i!
Hampton, VA 23665-5225 U.S.A. _ L_ ,'p ._ ,_ _,
A joint field experiment between NASA _i_ndNOAA was conducted during />--._ _ i _
August-September 1987 to obtain in situ and remote measurements of key gases
and aerosols from aircraft platforms during the formation of the ozone (0,)
hole over Antarctica. The ER-2 (advanced U-2) and DC-8 aircraft from the NASA
Ames Research Center were used in this field experiment. The NASA Langley
Research Center's airborne differential absorption lidar (DIAL) system was
operated from the DC-8 to obtain profiles of O, and polar stratospheric clouds
in the lower stratosphere during long-range flights over Antarctica from
August 28 to September 29, 1987. The airborne DIAL system was configured to
transmit simultaneously four laser wavelengths (301, 311, 622, and 1064 nm)
above the DC-8 for DIAL measurements of O, profiles between 11-20 km ASL
(geometric altitude above sea level) and multiple wavelength aerosol
backscatter measurements between 11-24 km ASL. A total of 13 DC-8 flights
were made over Antarctica with 2 flights reaching the South Pole.
Polar stratospheric clouds (PSCs) were detected in multiple thin layers
in the 11-21 km ASL altitude range with eac_ layer having a typical thickness
of <1 km. Two types of PSCs were found during this experiment. Prior to
September 15, 1987, many PSCs had aerosol backscattering ratios (aerosol
backscattering/molecular backscattering) of >50 at 1064 nm and >10 at 622 nm,
which are typical for predominantly water ice clouds (Type II PSC). This was
also the period when the temperatures over Antarctica were the coldest with
many regions below 190 K. After that date, the predominant type of PSC had
aerosol scattering ratios an order of magnitude lower than those of the ice
clouds. The scattering characteristics of these PSCs (Type I), which are
expected to be present when temperatures are between 190-195 K, are consistent
with the modeling of binary solid nitric acid/water clouds discussed in a
companion paper (Poole et al.). Type I PSCs were also found in the warmer
regions adjacent to Type II PSCs, and Type II PSCs were found as late as
September 29 at latitudes >75°S on the last DC-8 mission. Many PSCs were
found to be very large in vertical and horizontal extent. The larger PSCs
were observed to extend from below 13 km ASL to above 18 km ASL with
considerable vertical structure. These PSCs were found to extend more than 5°
in latitude at the lower altitudes and more than 10° in latitude at the upper
altitudes. The source of some of the thin layers seen at the upper altitudes
in other locations was the result of wind shear and advection of air from the
tops of these l_rger systems Figure I shows an example of the atmospheric
backscattering ratio (aerosoi backscattering ratio + I) profiles across a
major PSC event with temperatures below 190 K across the 13-17 km ASL altitude
aST Systems Corporation, Hampton, Virginia
bMeteorological Office, Bracknell Berkshire, Great Britain
CNASA Goddard Space Flight Center, Greenbelt, Maryland
dNOAA Aeronomy Laboratory, Boulder, Colorado
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region. At these low temperatures, the aerosols are expected to be composed
of ice crystals, and the magnitude of the backscattering ratio and the
wavelength dependenceof the aerosol backscattering ratio are also consistent
with this assumption. The multilayer structure seen in both the 622 and 1064
nmscattering ratio profiles was commonto most of the PSCsobserved during
this experiment. An example of the backscattering ratios observed from PSCs
following the large-scale warming over Antarctica between September 14 and 16
is shown in Figure 2. The aerosol scattering ratios found for these Type I
PSCs were more than an order of magnitude smaller than those found in the
colder temperature regions prior to the warming, and temperatures across the
13-22 km ASL altitude region were in the 190-195 K range. These
characteristics are both consistent with the modeling of the binary solid
nitric acid/water PSCs.
Two distinct altitude regions were observed for aerosols across the polar
vortex "wall." Below 13-14 km ASL, there was not a significant change in the
aerosol properties upon going from outside to inside the vortex. This is
consistent with other evidence that there is not a strong barrier to
meridional transport across the vortex "wall" below 14 km ASL. At the upper
altitudes (>14 km ASL), PSCs were found in conjunction with cold temperatures
(<190 K) at latitudes typically >64°S. Over the period of this experiment,
the tops of the highest aerosol layers at latitudes >75°S were observed to
descend from 19.5 to 18.5 km ASL at a rate of _bout 1.5 km mo -_. This is
consistent with the subsidence rate determined from SAM-II (Stratospheric
Aerosol Measurement-II) satellite aerosol extinction data. Over this same
period, the tops of the primary PSCs were found to have a nearly constant
average height of 17.1 km ASL. Details of the distribution and scattering
characteristics of the PSCs observed during the Os hole formation are
discussed in this paper.
Large-scale cross sections of O, distributions were obtained between
11-20 km ASL inside and outside the vortex with vertical and horizontal
resolutions of 300 m and 12 km, respectively. Trends seen in the airborne
DIAL O, data compared well with the trends in the O, column abundance data
obtained from the TOMS (Total Ozone Mapping System) satellite instrument.
Figure 3 shows an example of the trend in the DIAL Oj data integrated between
13-18 km ASL as a function of latitude. The same relative trend was seen in
the TOMS data with the major change in the O, column content along the
outbound flight track at about 64°S. The location of the maximum horizontal
gradient in the DIAL measured O, was found to consistently occur near the 250
DU (Dobson Unit) O, isopleth obtained from TOMS. The O, depletion trend seen
by TOMS inside the vortex was strongly reflected in the DIAL measurements
above 100 mb. Figure 4 shows the variation in the average O, concentration at
high latitudes (>76°S) in two altitude regions from late August until late
September. The average concentration of O, did not change substantially below
15 km ASL over that period; however, between 15-20 km ASL, O, decreased by
more than 50%. Measurements on September 26 provided evidence that even
strong O, depletion was taking place near 21 km ASL. At 72°S, where TOMS had
indicated an O, level of 170 DU, the DIAL measured an Os mixing ratio of
0.5 ppmv, which was the lowest level observed at 21 km in real time during
this field experiment.
Evidence was found for tropopause fold events occurring inside the
vortex. During DIAL measurements on September 5, a tongue of high O, air in a
layer having a thickness of about 2 km was observed near 68°S to be inclined
from above 17 km ASL to below 14 km ASL. This layer also had low aerosol
scattering, which is also an indicator of a descending clean, dry air mass.
An enhancement in the O, mixing ratio was also noted by in situ O, instruments
_2
on the DC-8 at an altitude of 9.4 km ASL. Fhese data provide additional
information about a potentially important transport mechanism that may
influence the Os budget inside the vortex. There is also some evidence that
strong low pressure systems in the troposphere are associated with regions of
lower stratospheric Os. The implications oF these transport processes in
affecting the O, depletlon inside the vortex are addressed in other papers at
this conference. This paper discusses the spatial and temporal variations of
Os inside and outside the polar vortex region during the development of the 03
hole and relates these data to other measurements obtained during this field
experiment.
The authors would like to thank Neale Mayo, William McCabe, and Jerry
Williams for assisting in acquiring the airborne DIAL data during this
experiment; Patricia Robinette for producing the color display graphics for
the reduced DIAL data; and Arlen Carter, James Siviter, Jr., Neale Mayo,
William McCabe, Jerry Williams, Robert Allen, Noah Higdon, Byron Meadows, and
Loyd Overbay for modifying the DIAL system _or this mission and for installing
it for the first time in the DC-8.
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Filter Measurements of Chemical Compositicn During the Airborne Antarctic
Ozone Experiment
B.W. Grandrud, P.D. Sperry and L. Sanford
National Center for Atmospheric Research
P.O. Box 3000
Boulder, Colorado 80307
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During the Airborne Antarctic Ozone _xperiment campaign, a filter sampler
was flown to measure the bulk chemical com)osition of the aerosol and gas phase.
On three of the flights, a separation of tile aerosol and the acidic vapor com-
position was affected with a pre-filter to collect the aerosols followed by an
impregnated filter to collect the acidic v lpors. The Multi Filter Sampler (MFS)
that was flown was the same sampler used i_i the past with the addition of NH 3
to the filter storage compartment. The filter storage compartment was also
modified so that it could be maintained at near dry ice temperature to further
retard volatilization of the collected aer_,sol.
The background sulfate aerosol was me._sured in regions inside and outside
of the chemically perturbed region (CPR) o: _ the polar vortex. The mass ratio
of sulfate outside to inside was 2.8. Thi:< is indicative of a cleansing mech-
anism effecting the CPR or of a different _ir mass inside versus outside. The
absolute value of the sulfate mixing ratio shows that the background aerosol
has not been influenced by recent volcanic eruptions. The sulfate measured on
the ferry flight returning to NASA Ames sh(,ws a decrease towards the equator
with increasing concentrations in the nortl,ern hemisphere.
Nitrate in the aerosol phase was obselved on 2 flights. The largest
amount of nitrate measured in the aerosol l hase was 44% of the total amount of
nitrate observed. Other samples on the sa_e flights show no nitrate in the
aerosol phase. The presence of nitrate in the aerosol is correlated with the
coldest temperatures observed on a given flight.
Total nitrate (aerosol plus acidic va_or nitrate) concentrations were
observed to increase at flight altitude with increasing latitude north and
south of the equator. Total nitrate was lower inside the CPR than outside.
Chloride and fluoride were not detected in the aerosol phase. From the
concentrations of acidic chloride vapor, the ratio of acidic vapor C1 to acidic
vapor F and a summing of the individual ch]<)ride containing species to yield
a total chloride concentration, there is a _;uggestion that some of the air
sampled was dechlorinated. Acidic vapor pb_ise fluoride was observed to in-
crease at flight altitude with increasing latitude both north and south of the
equator. The acidic vapor phase fluoride was the only compound measured with
the filter technique that exhibited larger ::oncentrations inside the CPR than
outside.
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Amarctic Polar Stratospheric Aerosols:
' Chlorides and Sulfates.
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The Roles of Nitrates,
R.F. Pueschel (1), K.G. Snetsinger (1), J.K. Goodman (2), G.V. Ferry (1),
V.R. Oberbeck (1), S. Verma (3), W. Fong (4).
(1) NASA Ames Research Center, Moffett Field, CA
(2) San Jose State University, San Jose, CA 95192.
(3) Thermo Analytical Systems Inc., Richmond, CA
(4) Information Management Inc., Palo Alto, CA 94303. .
Nitric and hydrochloric acids have been postulated to condense in the
winter polar stratosphere to become an important component of polar
stratospheric clouds. One implication is that the removal of NOy from
the gas phase by this mechanism allows high CIx concentrations to
react with 03, because the formation of CINO3 is inhibited.
.... -Xk
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Contributions of NO3 and CI to the stratospheric aerosol were
determined during the 1987 Airborne Antarctic Ozone Experiment by
testing for the presence of nitrates and chlorides in the condensed
phase. Aerosol particles were collected on four 500 um diameter gold
wires, each pretreated differently to give results that were specific to
certain physical and chemical aerosol properties. One wire was carbon-
coated for concentration and size analyses by scanning electron
microscopy; X-ray energy dispersive analyses permitted the detection
of S and CI in individual particles. Three more wires were coated with
Nitron, barium chloride and silver nitrate, respectively, to detect
nitrate, sulfate and chloride in aerosol particles.
All three ions, viz., sulfates, nitrates and chlorides were detected in
the Antarctic stratospheric aerosol. In terms of number concentrations,
the aerosol was dominated by sulfates, followed by chlorides and
nitrates. An inverse linear regression can be established between
nitrate concentrations and ozone mixing ratio, and between temperature
and nitrates.
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Attenuation measurements of the solar radiation between 1.5
and 15 pm wavelenghts were performed with the airborne (DC-8) JPL
MARK IV interferometer during the 1987 Antarctic Expediti(n. The
opacities not only provide information about the abundance of
stratospheric gases but also about the optical depths of polar
stratospheric clouds (PSCs) at wavelengths of negligible gas
absorption (windows).
The optical depth T of PSCs can be determined for each
window once the background attenuation, due to air-molecules and
aerosol has been filtered out with the simple extinction law (the
'x' subscript is used to indicate the wavelength dependency) :
Ipsc, x Io, x F x exp -[(TPSC, x + _B,x) /_]
...... = .................................... exp
IB, x Io, x F x exp -[_B,X /_]
-[_ /.]PSC,x
where I PSC' I B and I represent measured attenuations of solaro
radiation for clouds, background aerosols and clear conditions,
respectively. F is an instrument function and _ is the cosine of
the almost horizontal solar zenith angle (83 to 89 degrees).
The ratio of optical thicknesses at different wavelengths
reveals information about particle size and particle composition.
Figure 1 shows the calculated extinction ratios for six different
log-normal particle size distributions. Small particles rapidly
loose their ability to attenuate at ]arge wavelengths, while the
attenuation of large particles has almost no spectral dependency.
Figure 2 displays calculated extinction ratios for ice and water
particles for one log-normal particle size distribution. Their
difference is depicted by the shaded area. Sampling in PSCs has
shown that sub-micron particles carry nitric acid. Thus, values
for four nitric acid solution of different concentrations are
graphed in Figure 2 as well. The behavior of the extinction
ratios is so different, that the con::entration of nitric acid in
sub micron size cloud particles may :)e detected.
Among the almost 700 measured spectra only a few PSC cases
exist. PSC events are identified by sudden reductions in the
spectrally integrated intensity valJe and are also verified with
backscttering data from an upward di:-ected lidar instrument, that
was mounted on the DC-8. For the seIected case on September 21st
at 14.40 GMT, lidar data indicate an optically thin cloud at 18km
and later an additional optically thick cloud at 15km altitude.
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Equivalent vertical optical depths were calculated based on
the cosine dependence of the solar zenith angle and are presented
in Figures 3 and 4 for both cloud types. The cosine assumption,
however, overestimates optical paths for solar zenith angles in
excess of _5 v. Since the selected cases are associated with an
angle of 88 , actual vertical optical depths are about twice of
that indicated in Figures 3 and 4.
A comparison with Figures I and 2 reveals for the high cloud
a typical particle radius of about O.5_m and a high nitric acid
concentration, based in particular on the extinction behavior at
3_m wavelength. The low cloud in contrast displays particle sizes
in excess of 5um radius. Their relative large ice water content
makes high nitric acid concentration unlikely.
Many more PSC measurements were analyzed. Their spectral
extinction dependencies reveal particles heavily varying in size
and composition. The similarity of most cases to either that of
Figure 3 or 4, however, suggests a particle classification.
All results still suffer from (I) often arbitrary
definitions of a 'clear' case, that often already may have
contained PSC particles and (2) noise problems that restrict the
calculations of optical depths to values larger than 0.001. Once
these problems are handled, this instrument may become a valuable
tool towards a better understanding of the role PSCs play in the
antarctic stratosphere.
Figure Captions
Fig. I 111ustrated are extinction ratios of log-normal particle
size distributions for mean particle radii of .125, .25, .5, I, 2
and 4Bm. (s - shape factor, RI - Refractive Index [constant]).
Fig. 2 Illustrated are extinction ratios of O.5pm log-normal
particle size distributions for ICE, WATER and several NITRIC
ACID solutions.
Fig. 3 Illustrated are cosinus corrected vertical optical depths
for a high PSC-cloud at 18Km altitude.
Fig. 4 Illustrated are cosinus corrected vertical optical depths
for a PSC-cloud at 15km altitude.
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Formation of polar stratospheric cloud:_ simulated in a two dimensional
modelof the a :mosphere
Guido Visconti and G_ovanni Pitari
Dipartimento di Fisica,Univers_t_ degli Studi-L'Aquila
67100 L'Aquila,Italy
A microphysics code has been implemented in a two dimensional model
of the atmosphere to study formation of polar stratospheric clouds
containing HC1 or HNO .The model range from pole to pole in latitude
3
and from the ground to about 20Km in altitude. Resolution in latitude is
lO ° and about 0.8Km in altitude. Th_s is an eulerian model with
prescribed eddy diffusion coefficients md the circulation obtained from
observations. The chemistry of the mode[ follows the family approach for
NO ,CI anf HO while the ozone is fixed and changed seasonally. The
X X X
aerosol code is based on a assigned population of condensation nucleii
and includes the processes of condensation,coagulation and
sedimentation. Aerosol growth is simulated in nine different size bins
ranging between O.Olu and 2.56u.
The model has been built to study ._erosol layers formation in the
upper troposphere and lower stratospherea and has been validated for
sulfate aerosol resulting from a rather complex sulfur chemistry.
In order to simulate the effect of ow temperature on the formation
of polar clouds the basic temperature has been lowered in the winter
polar region by a maximum of i0,20 and 3OK. The optical thickness and
cloudiness coverage can be estimated as well as the reduction in
concentration of NOx. The resulting population of aerosol is analyzed in
terms of the possible perturbation to the heating rates and the
heterogeneous chemistry. Heating rates _re calculated with an accurate
radiative code which takes into account the effect of the particulate
both in the solar and infrared waveleng!h range. Heterogeneous reaction
rates are calculated by considering the size distribution of the aerosol
and together with the changed chemical composition of the polar region
can be used to estimate the depletion effects on ozone.
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ICE IN THE ANTARCTIC POLAR STRATOSPHERE
- 14530
J. Goodman (1), B. Toon (2), R. Pueschel (2), K. Snetsinger (2), and
S. Verma (2)
(1) San Jose State University, San Jose, CA 95192.
(2) NASA Ames Research Center, Moffett Field, CA 94035.
ABSTRACT
On six occasions during the 1987 Airborne Antarctic Ozone Experiment,
the PSC ice crystals were replicated over the Palmer Peninsula at
approximately 70 ° South. The sampling altitude was approximately 60
to 65 thousand feet, the temperature range was -83.5°C to -72°C and
the atmosphere was subsaturated in all cases. The collected crystals
were predominantly complete and hollow prismatic columns with
maximum dimensions up to 217 microns. Evidence of scavenging of
submicron particles was detected on several crystals. While the
replicated crystal sizes were larger than anticipated, their relatively
low concentration results in a total surface area less than one tenth
that of the sampled aerosol particles. The presence of large crystals
(length > 100 microns) suggest that PSC ice crystals can play a very
important role in stratospheric dehydration processes.
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Measurements of total reactive nitrogen, NOy, total
water vapor, and aerosols were made as part of the Airborne
Antarctic Ozone Experiment conducted in Punta Arenas, Chile
during August and September 1987. The measurements were made
using instruments located onboard the NASA ER-2 aircraft
which conducted twelve flights over the Antarctic continent
reaching altitudes of 18 km at 72 S latitude. Each
instrument utilized an ambient air sample and provided a
measurement up to 1 Hz or every 200 m of flight path.
The data presented focus on the flights of August 17th
and 18th during which Polar Stratospheric Clouds(PSC's) were
encountered containing concentrations of 0.5 - 1.0 micron
diameter aerosols greater than 1 cm -3. The temperature
during these events ranged as low as 184 K near 75 mb
pressure, with H20 values near 3.5 parts per million by
volume(ppmv). With the exception of two short periods, the
PSC activity was observed at temperatures above the frost
point of water over ice.
For analysis, the PSC aerosol is assumed to form from
the co-deposition of HNO 3 and H20 on pre-existing sub-micron
aerosols as HNO3.3H20, with saturation vapor pressures
extrapolated from the freezing point of the equivalent liquid
mixtures. The degree of saturation for HNO 3 and H20 mixing
ratios over HNO_.3H20 was calculated for each point along the
flight track uslng the ambient pressure and temperature
measurements. If the calculated vapor pressures are reduced
by a factor of 0.5 below 200 K, then saturation conditions
coincide with a PSC as defined by elevated aerosol
concentrations.
If the aerosol volume is assumed to be HNO3.3H20
containing -54% HNO 3 by mass, then the peak volume observed
on the 17th was equivalent to ~4 ppbv of HNO 3. This
represents nearly 50% of the NOy reservoir observed outside
of the PSC region. The NOy level and the HNO 3 fraction both
agree favorably with results from 2-D photochemical models.
The anisokinetic feature of the NOy sampling probe
results in the enhancement of the concentration of aerosols
in the inlet by a factor of -6. NOy species incorporated in
these aerosols evaporate in the heated inlet lines and add to
the NOy gas phase level. The effective enhancement can be
calculated along the flight track from the measured aerosol
concentration and size distribution. This effective
enhancement, the aerosol volume and assumed HNO3 mass
fraction, and an estimate of the non-condensing fraction of
the NOy reservoir can then be combined to predict the NOy
signal. The resulting agreement between the measured and
calculated NOy provides strong independent evidence that NOy
species areinoorporatedinthePSCaerosol.
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EXTINCTION AND BACKSCATTER MEASUREMENTS OF ANTARCTIC PSC'S, 1987:
IMPLICATIONS FOR PARTICLE AND VAPOR REMOVAL
L. R. Poole, M. P. McCornick, and E. V. Browell
NASA Langley Research Center, Hampton, VA 23665-5225
C. R. Trepte, ST Systems Corporation, Hampton, VA 23666
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Observations since 1979 of aerosol extinction at 1.0 _m by the SAM II
(_tratospheric A__erosol _Measurement II) sen!_or have shown recurring synoptic-
scale, optically thin clouds in both winter: polar stratospheres (McCormick et
al., 1982) which are highly correlated with cold temperatures (<195K). Steele et
al. (1983) initially proposed that PSC's consist of pure ice particles forming at
temperatures below the frost point, but subsequent papers (Toon et al., 1986;
Crutzen and Arnold, 1986) proposed a preliminary stage of binary HNO3-H20 parti-
cles forming at temperatures above the fro:_t point. These authors suggested that
a large fraction of the gaseous NO x reserv<.ir in the Antarctic stratosphere
could be depleted during such a process, _,ereby "preconditioning" the strato-
sphere for halogen-catalyzed ozone destruction.
Airborne lidar observations of Arctic PSC's by Poole and McCormick (1988a)
support the idea of a two-stage (Types Iard II) formation process. At tempera-
tures above the frost point (the Type I reciime) the authors found a signature
indicative of particles significantly larger than the ambient aerosol, but prob-
ably of limited size (radii on the order of the lidar wavelength, _0.7 _m) and
perhaps quasi-spherical in shape. In contrast, the authors found a signature
typical of larger crystalline (Type II) particles in PSC's at temperatures near
the frost point. In a separate paper, Poo]e and McCormick (1988b) gave theoreti-
cal results from a two-stage PSC microphysical model assuming Type I particles to
be solid, fixed (stoichiometric) compositicn nitric acid trihydrate (HNO3.3H20)
and Type II particles to be a homogeneous mixture of pure water ice and the tri-
hydrate. The results compared favorably with the authors' Arctic experimental
data and supported the earlier estimates by Toon et al. and Crutzen and Arnold
that a large fraction of the ambient }{NO 3 v_por supply could be consumed in the
PSC formation process. Computed particle size distributions for Antarctic PSC's
suggested that Type II particles may be large enough to fall rather quickly,
thereby removing the condensed HNO 3 (i.e., _aseous NOx) from the region in
which the clouds were formed. Calculated o>tical properties also showed a
distinctive temperature dependence, with threshold temperatures for Type I and
Type II PSC particle formation being sensitLve indicators of the HNO 3 and H20
vapor supplies, and enhancements in extinction and backscatter (relative to those
computed for the ambient aerosol) being clo:_ely related to the number and modal
size of the PSC particles.
In this paper, we examine the temperat, Lre dependence of optical properties
measured in the Antarctic during 1987 at th,_ 70-mb level (near 18 km), a level
chosen to correlate our results with in situ measurements made from the NASA Ames
Research Center ER-2 aircraft during the 19}_7 Airborne Antarctic Ozone Experiment
(AAOE). Our data set consists of extinctio_ measurements by SAM II inside the
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!Antarctic polar vortex from May to October 1987; and backscatter measurements by
the UV-DIAL (Ultraviolet Differential Absorption_idar) system (Browell et al.,
1983) aboard The Ames DC-8-'-aircraft during selected AAOE flights. We will com-
pare observed trends with results from a revised version of Poole and
McCormick's model (assuming variable-composition Type I PSC's; McElroy et al.,
1986; Hanson and Mauersberger, 1988), to classify the PSC observations by Type
(I or II) and infer the temporal behavior of the ambient aerosol and ambient
vapor mixing ratios.
The sample figures show monthly ensembles of the 70-mb SAM II extinction
ratio (the ratio of aerosol or PSC extinction to molecular extinction) as a
function of NMC temperature at the beginning (June) and end (October) of the
1987 Antarctic winter. Both ensembles show two rather distinct clusters of
points: one oriented in the near-vertical direction which depicts the change
with temperature of the ambient aerosol extinction ratio; and a second cluster
oriented in the near-horizontal direction whose position on the vertical scale
marks a change in particle phase (i.e., PSC formation) and whose length (the
extinction enhancement relative to that of the ambient aerosol) is an indicator
of PSC type. Several points are of note: (I) The typical ambient aerosol
extinction ratio is smaller by a factor 2-3 in October than in June, indicating
a change in the ambient aerosol population due to subsidence or sedimentation
(or both) over the course of the winter. We found that June values are approxi-
mated well by theoretical computations using an ambient aerosol size distribu-
tion derived from August ER-2 observations. (2) Most extinction enhancements
observed in both months were of the order of 10 or smaller, signaling (by model
calculations) Type I PSC's. (3) Type I PSC's occurred at 70-mb temperatures
between 195-200K in June, suggesting HNO 3 and H20 mixing ratios of 5-7 ppbv and
4-5 ppmv, respectively. These are similar to local pre-winter values measured
by LIMS (Limb Infrared Monitor of the Stratosphere) in 1979 (Russell, 1986) and,
for H20 only, by SAGE II (_tratospheric Aerosol and G__as Experiment II) in 1987
(J Larsen, personal communication). (4) In contrast, Type I PSC's occurred at
lower (by =5K) 70-mb temperatures in October, implying a marked reduction in
ambient vapor mixing ratios over the winter. Our calculations suggest October
mixing ratios of I-2 ppbv for HNO 3 and -2 ppmv for H20 , similar to those meas-
ured inside the vortex from the ER-2 during AAOE and (H20 only) by SAGE II in
October. We believe that the inferred changes in ambient vapor levels cannot
possibly be attributed to subsidence, but must be due instead to losses via
sedimentation of PSC particles.
Although our quantitative estimates are subject to uncertainties in the NMC
temperatures and the saturation HNO 3 and H20 vapor pressures used in our sup-
porting calculations, we feel that the general trends shown here would be uo_ne
out by similar analyses using other data bases. The results strongly suggest
that Antarctic PSC's act as a sink for HNO 3 and H20 vapor, a process which, by
examination of other monthly ensembles of SAM II data, appears to take place
primarily during the August time frame.
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Laboratory Studies of HNO3/H20 Mixtures at Low Temperatures
David Hanson and Konrad Mauersberger
University of Minnesota, Minneapolis, Minn. 55455
The possibility of stratospheric HNO 3 condensing out of the gas-phase
at low temperatures has become important in the chemical explanations of the
rapid loss of antarctic ozone in spring. Consequently, knowledge about the
behavior of the vapor pressures of H20 and HNO 3 over HNO3/H20 mixtures at
stratospheric temperatures is needed to determine if HNO 3 could condense,
and by how much the HNO 3 vapor pressure could be depressed.
This paper describes laboratory investigations of vapor pressures above
HNO3/H20 mixtures. Vapor pressures were initially measured over liquid and
frozen bulk mixtures contained in a glass still which was attached to a
stainless steel vacuum chamber. The total pressure in the chamber was
monitored with a precision pressure sensor, and the vapor pressures of HN03,
H20 and impurities were analyzed with a mass spectrometer-beam system (i).
In a second set of experiments vapor deposits were made to produce ice
and the mono- and trihydrate of HNO 3.
Temperatures of liquid and frozen HNO3/H20 bulk mixtures were varied
from 200 to 260 K. The measured vapor pressures of HNO 3 and H20 are in
fairly good agreement with Clavelin and Mirabel's vapor pressure data (2)
when extrapolated toward lower temperatures. For partially frozen bulk
mixtures, the three phase equilibria solid/liquid/vapor and for frozen
mixture trihydrate/monohydrate/vapor and trihydrate/ice/vapor were also
investigated. These all resulted in one vapor pressure curve for both H20
8O
and HNO 3 as expected from binary mixture_;. The measured pressures for the
freezing envelope (solid/liquid/vapor) we,re in close agreement with data
obtained from freezing temperatures (3) _,nd Clavelin and Mirabel°s data (2).
Vapor deposits to form the trihydrate are initially made by
establishing a 3-to-i H20/HNO 3 gas mixtmes in the vacuum chamber and
rapidly cooling the glass still. Initia]ly a thin, amorphous film over the
whole glass surface is formed, which ther changes to small crystalline
structures. HNO 3 and H20 vapor pressurea have been determined for
temperatures between 190 and 205 K. In sddition, studies of the relevant
solid/solid/vapor three-phase equilibria were again performed using vapor
deposition to form the condensed phases. The ice/trihydrate/vapor
equilibrium pressures were measured up to the eutectic temperatures of 230 K
and a better determination of the HNO 3 pressure has been made. The H20
pressure was essentially that of ice which was also found during bulk
measurements. The trihydrate/monohydrate/vapor equilibrium was studied from
190 to 200 K and the vapor pressures were in general agreement with those
measured over frozen bulk mixtures. As e_pected, the vapor pressures over
the trihydrate lay in the region between ::hese two three-phase equilibria
and the H20 and HNO 3 pressures over the t_ihydrate were seen to be well
correlated.
From these data it can be concluded lhat the lower stratosphere becomes
saturated with respect to the trihydrate _bout 5 K above the ice-saturation
point. A strong temperature-dependence ol the HNO 3 pressure over the
trihydrate can also be demonstrated. As the temperature is lowered by 3
degrees and the H20 pressure is kept constant, the equilibrium HNO 3 pressure
over the trihydrate is lowered by a factor between 5 and 9. For comparison,
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the HNO 3 pressure over the ice/trihydrate/vapor equilibrium is lowered by a
factor of approximately 2 after a 3 degree cooling. This temperature
dependence could lead to a wide variation in the local HNO 3 pressure and
consequently to localized ozone destruction.
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Evolution of Polar Striitosphoric Cloud._ during tile Antarctic: WirlLer
/
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]
The occurence of Polar Stratospheric Clouds (PSCs), initially inferred fronl
satellite measurements of solar extinction, have now also been noted by the
recent scientific expeditions in the Antar,;tic. The presence of such clouds in
the Antarctic has been postulated to play a significant role in the depletion of
ozone during the transition from winter !,o spring. The mechanisms suggested
involve both dynamical and chemical pro,:esses which, explicitly or implicitly,
are associated with the ice particles constituting the PSCs. It is, thus, both
timely and necessary to investigate the e_._olution of these clouds arid ascertain
the nature and magnitude of their influences on the state of the Antarctic
stratosphere.
To achieve these objectives, a ,tetailed microphysical model of the
processes governing the growth and sublimation of ice particle_ in the polar
stratosphere has been developed, based on the investigations of Ramaswamy
and Detwiler (Journal of the Atmospheric Sciences, 1986). The present studies
focus on the physical processes that occur at temperatures below ttiose
required for the onset of ice deposition Item the vapor phase. Once these low
temperatures are attained, the depositi,n of water vapor onto nucleation
particles becomes extremely significant.
First, the factors governing the magiAtude of growth and the growth rate
of ice particles at various altitudes are examined. These include the sizes and
concentrations of the nucleation agents, t_nd the temperature arid water vapor
profiles {which determine the saturati,)n conditions). It is possible, for
example, to predict whether ice growth :Jr sublimation will occur at a given
location and instant during the Antarctic winter, based on the temperature
profile.
Second, the ice phase mechanisms art examined in the context of a column
model with altitudes ranging from 100 to 5 rob. pressure levels. The model
considers explicitly the growtti and sublimation processes as well as the
fallspeeds of the particles at different _dtitudes. Particles of different sizes
and concentrations are considered, as given by a logrlormal distribution.
Particles of specific sizes are followed as they grow, decay or fall; rio attempt
is made to categorise them into bins of definite size range. Thitl, irl effect,
implies that all particles, initially at specified levels in the column model, are
continuously monitored. The forcing for the temporal evolution of the model is
the time rate of decrease of temperature. Values considered iil¢:lude those
appropriate during July, August and Sepl.ember in the Antarctic strntosphere.
Various temporal resolutions have b_en considered to perform these
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simulations, ranging from 1/2 minute to a hour. The principal features art; the
dependence of the cloud evolution on the rate of temperature de, crease, w_at(.'r
vapor mixing ration and tile particle characteristics. It is also seen that rapid
changes in temperature cause rapid changes in the sizes of the i¢:e particles.
In the third stage of the study, the column microphysical model h_s been
used to perform simulations of the cloud evolution_ using the observed daily
temperatures. The simulations commence from June 1 and last till end of
September; different years and geographical locations are considered in thin
part of the sensitivity study. The results indicate that particles grow large as
a result of the ice deposition and, under favorable conditionn, can fall down
considerable distances. Thinj in effectj implies a depletion of water vapor and
a reduction in the number concentration of nucleating particles at the higher
altitudes of occurence of PSCs. These simulations are compared with the
temporal evolution of the extinction measurements_ as observed by the SAGE
satellite.
The effects due to the growth of the particles on the radiation fields are
also investigated using a one-dimensional radiative transfer model. Specifically,
the perturbations in the longwave cooling and that in the shortwave heating
for the late winter/early spring time period are analyzed.
84
N89 - 1453 5
HETEROGENEOUS PHYSICOCHEMISTFY OF THE WINTER POLAR
R. P. Turco (R&D Associates, Marina del Rey, CA 90295)
O. B. Toon (NASA Ames Research Center, Moffett Field, _ "
CA 94035) i-
Present chemical theories of the antarctic ozone hole
assume that heterogeneous reactions involving polar
stratospheric clouds (PSC's) are the precursor of springtime
ozone depletions. However, none cf the theories quantify
the rates of proposed heterogeneous processes, and none
utilize the extensive data base on PSC's. Thus, all of the
theories must be considered incomf_lete until the
heterogeneous mechanisms are properly defined. This paper
develops a unified treatment of the cloud related processes,
both physical and chemical, and calibrates the importance of
these processes using observational data. We also compare
the rates of competitive heterogerieous processes to place
reasonable limits on critical mechanisms such as the
denitrJfication and dechlorinatio[i of tile polar winter
stratosphere. Among the subjects addressed here are the
physical chemical properties of P$C's, including their
relevant microphysical, optical ard compositional
characteristics, mass transfer rates of gaseous constituents
to cloud particles, adsorption, a[commodation and sticking
coefficients on cloud particles, %ime constants for
condensation, absorption and other microphysical processes,
effects of solubility and vapor pressure on cloud
composition, the statistics of cloud processing of
chemically-active condensible species, rate-limiting steps
in heterogeneous chemical reactions, and the nonlinear
dependence of ozone loss on physical and chemical
parameters.
For purposes of analysis, we distinguish two distinct
types of PSC's, which we refer to as Type-I and Type-If
PSC's. These cloud types have distinct properties that lead
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to different rates for specific mechanical and chemical
processes (see Table 1). Such distinctions have been
neglected in previous theoretical models of the ozone hole.
The Type-I PSCts are apparently composed of nitric acid
ices. The thermodynamics and physical chemistry of such
ices suggests that the nitric acid trihydrate may be the
predominant form, although laboratory spectroscopic evidence
also points to the formation of impure and amorphous ice
structures under conditions similar to those found in the
polar winter stratosphere. Type-II clouds are most likely
composed primarily of water ice. The Type-II clouds have a
substantially larger particle mass than Type-I PSC's, and
are probably responsible for the observed dehydration and
denitrification of the polar winter stratosphere in the
region of the ozone hole. Type-I clouds, on the other hand,
may be dominant in catalyzing heterogeneous reactions that
lead to the observed repartitton of HCl, ClONO 2, and C10.
The frequency of occurrence of Type-I PSC's is roughly an
order of magnitude greater than that of Type-II PSC's.
Type-I clouds also fill a greater volume of the polar vortex
o_er the course of winter.
The time constant for HCl absorption into ice particles
Is several hours or more in PSC's of either type. Although
Type-I clouds may have only about I_ of the mass of Type-II
clouds, they still have I0_ or more of the surface area.
The mass transfer rates of HCf to Type-I and II clouds
occurs in different dynamical regimes: in Type-I clouds the
HCf molecules reach ice surfaces by gas-kinetic transport;
in Type-II clouds the HCf molecules diffuse toward particle
surfaces in the transition flow regime lying between purely
gas-kinetic and purely continuum flow. Gas-kinetic
transport provides the more efficient mass transfer
mechanism.
The removal of stratospheric trace gases condensed on
PSC particles (e.g., HNO 3, H20 and HC]) depends on the vapor
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pressures of the condensates, the masses of condensates, the
fallspeed of the particles, and the frequency and duration
of cloud formation. The Type-I PSC ice particles have a
gravitational fall velocity that is too low to account for
the removal of substantial quantities of trace materials on
short time scales (i.e., days to weeks). Nevertheless, the
continuous sedimentation of these clouds over the course of
winter can transfer materials downward by several kilometers
on average. The measured particle sizes in Type-If clouds,
by contrast, are large enough to carry condensed materials
downward by several kilometers on time scales of hours to
days.
The concentrations of trace constituents absorbed in
ice particles also differs between the cloud types. In
Type-I clouds, the HCl concentrati_gn could be ~1% by mass
and the HNO 3 concentration ~50_ by mass, while in Type-II
clouds both the HCI and HNO 3 concentrations would be
expected to lie below ~0.I_ by mas_. Such differences in
concentrations are important in determining the rates of the
heterogeneous chemical processes that involve chlorine
species. For example, the short residence times and
relatively low HCI concentrations ,_f Type-II cloud particles
implies that the reaction of ClONO 2 with condensed HCl might
not proceed to completion in Type-iI clouds. The
competition between the processes of HCl condensation, HCl
removal by cloud particle sedimentation, and HGI reaction
with in situ ClONO 2 is thus sensitively dependent on the
evolution of the Type-II PSO's and the dependence of the
ClONO2/HCl reaction rate on the trace composition of the
ice. The estimated time constants for a number of
heterogeneous chemical processes are compared in Table ].
A number of other topics will be discussed, including
the relationship between the time constants for
heterogeneous processes and the long-term evolution of the
ozone hole. 87
TABLE 1. POLAR STRATOSPHERIC CLOUD PROPERTIES AND TIME
CONSTANTS
Property
Composition
Mas_
Surface 3
Area
Temperatur_
Threshold--
Relative
5
Frequency
Particle
Diameter
Genesis Time 6
Cloud Part,Is
Lifetime
Time to Fall
1 km
HCI Absorption 8
Time
HCI 9
Concentration
10
CIONO 2 + HCl
11
C1ONO 2 + H20
N205 + H2012
13
N205 + HC1
Type-I
HNO3/3H20
"i ppbm
-10-8cm2/cm 3
"195 K
"90_
"10 5 sec
"105-106 sec
"IxlO 7 sec
"1x105 sec
"0.01 g/g
5
"ixl0 sec
6
"lxlO sec
"2x106 sec
"2x106 sec
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Type-II
2
H20+Trace
<1 ppmm
-10-7cm2/cm 3
"187 K
"10_
"10-100 _m
"103-104 sec
<10 5 sec
"3xlO3-3xlO 5 sec
"lxlO 5 sec
-0.001 g/g
"2x105 sec
-2xlO 5 sec
"4x105 sec
"4x105 sec
Type-III 1
H20+Trace 2
"i ppmm
~10-5cm2/cm 3
"187 K
"5 ,urn
"10 3 sec
"103 sec
"IxlO 6 sec
"102-103 sec
"0.001 g/g
"103 sec
"103 sec
"103 sec
"103 sec
Footnotes
i. These are lee wave clouds, similar in character to Type-II PSC's, which
are formed near orographic features. The Type-Ill clouds may be considered
as a subset of the Type-II clouds with shorter lifetimes and stronger
geographical localization.
2. The ice will contain traces of a number of soluble gases such as HCf,
HNO_, HF and H_SO., and the ice surfaces will hold many adsorbed vapors
suc_ as H_O, C_ONS., N_O_ and HOCI
M . M _ "
3. Total partlcle surface area per umit volume of air.
4. The temperature threshold corresponds to the local frost point of water
for Type-II and III clouds, which varies with the ambient pressure for a
fixed water vapor mixing ratio.
5. Based on a preliminary statistical analysis of SAM II satellite
measurements of PSC extinction during hundreds of sunrise and sunset
events. A fraction of the Type-I clouds may be denser, but localized,
Type-II and III clouds.
6. The formation time of Type-II clouds depends sensitively on the local
water vapor supersaturation and its variation with time. The values shown
roughly correspond to an average supersaturation of "1%.
7. For Type-I clouds, the lifetime is limited by dynamical (cooling)
processes, for Type-II clouds, by particle fallout, and for Type-III
clouds, by dynamical (lee wave) processing.
8. Assuming the HCf is absorbed into pre-existing ice particles with a
"sticking coeficient", or accommodation coefficient, of 0.4 (Leu, 1988).
If the HCL co-condenses with the clouds, then the absorption time is
similar to the "Genesis Time" given above.
9. The HC] concentration in Type-I cloud particles is estimated using
vapor pressures over solid solutions of HCf in pure water ice as determined
in recent laboratory studies (Molina etal., 1987). The vapor pressures of
HCf over concentrated nitric acid ices are unknown, but are expected to be
similar to those for pure water ice. The concentration of HC1 in Type-II
and III clouds is estimated assuming nearly complete absorption of ambient
HC1 vapor to form solid solutions in the ice, which is consistent with the
measured solubility of HCI in ice (Molina etal., 1987).
10. Reaction time of CIONO_ for the HCf concentrations given in this table
and a CIONO 2 "sticking coefficient" (or reaction efficiency per collision,
in this case) of 0.25 for Type-I clouds (Leu, 1988) and 0.02 for Type-II
clouds; the latter value is an extrapolation to low HCf concentrations
based on data from Leu (1988), Mollna etal., 1987) and Tolbert etal.,
1987). The estimated reaction times do not take into account competitive
chemical and physical processes, and assumes ideal and uniform surface
properties.
11. Assuming a CIONO 9 "sticking coefficient" of 0.02 for for pure ice
(Type-II and III clouas) as well as nitric acid trihydrate ice (Type-I
clouds) in the presence of excess environmental (condensed) water vapor.
Measured values of the sticking coefficient on pure ice range from "0.009
@ 185 K (Tolbert etal., 1987), to "0.32 @ 200 K (Molina et al., 1987), to
"0.06 @ 200 K (Leu, 1988).
12. Assuming an N205 "sticking coefficient" of 0.01 for ice surfaces in
the presence of excess environmental water vapor; this value may represent
a lower limit for the reaction on pure ice at temperatures of "190-200 K
(M.-T. Leu, prvt. comm., 1988).
13. Adopting an estimated N20. "sticking coefficient" of 0.01 for all
types of PSC cloud surfaces ann HCI concentrations (see Footnotes Ii
and 12).
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Physical Processes in Polar Stratospheric Ice Clouds
Owen B. Toon, NASA Ames Research Center, Moffett Field, CA 94035
Richard Turco, R&D Associates, Marina del Rey CA 90295
Joseph Jordan, Sterling Inc., Palo Alto CA 94304
A one dimensional model of cloud microphysics has been used
to simulate the formation and evolution of polar stratospheric ice
clouds. Some of the processes which are included in the model arc
outlined in Fig. 1 to 3. It is found that the clouds must undergo
preferential nucleation upon the existing aerosols just as do
tropospheric cirrus clouds. Therefore, there is an energy barrier
between stratospheric nitric acid particles and ice particles implying
that nitric acid does not form a continuous set of solutions between
the trihydrate and ice. The Kelvin barrier is not significant in
controlling the rate of formation of ice particles. We find that the
cloud properties are sensitive to the rate at which the air parcels
cool. In wave clouds, with cooling rates of hundreds of degrees per
day, most of the existing aerosols nucleate and become ice particles.
Such clouds have particles with sizes on the order of a few microns,
optical depths on the order of unity and are probably not efficient at
removing materials from the stratosphere. In clouds which form
with cooling rates of a few degrees per day or less, only a small
fraction of the aerosols become cloud particles. In such clouds the
particle radius is larger than 10gm, the optical depths are low and
water vapor is efficiently removed. Seasonal simulations (Fig 4, 5)
show that the lowest water vapor mixing ratio is determined by the
lowest temperature reached, and that the time when clouds
dissappear is controlled by the time when temperatures begin to rise
above the minimum values. Hence clouds occur in the early winter
at temperatures which are higher than those at which clouds occur in
the late winter. The altitude of the clouds declines during the winter
because the temperatures in the Antarctic increase earlier at the
higher altitudes. The rate of decline of cloud altitude is not an
indication of particle fall speed or of vertical air motion as had been
previously suggested. The ice clouds are not able to remove a
significant amount of nitric acid through physical process such as
coagulation or nucleation. Such removal must occur through other
processes not included in our simulations such as vapor phase
transfer. A considerable amount of further work could be done to
improve upon our simulations. Improvements would include a
9O
treatment of the three dimensional st_ucture of wave clouds, a more
complete treatment of the interactions between clouds and
atmospheric motions on the seasonal time scale, and a treatment of
the nitric acid vapor phase interactions with ice particles. Laboratory
studies of the vapor pressures of water and nitric acid above ice
crystals are needed. In addition lab_gratory investigations of the ice
nucleating properties of nitric acid crystals would be useful. Direct
observations of the sizes and concentrations of the particles in clouds
formed over a few day time period are not avail"ble and are
important to obtain since these dominate the sedimentation removal
process.
Figure Captions
Fig. 1 Illustrated are the basic co_nponents of the cloud physics
model. The preexisiting nitric acid aerosols nucleate to form impure
ice crystals. These ice crystals grow by condensation of water. Once
formed the ice particles begin to sediment, removing materials from
the stratosphere. The model is one dimensional.
Fig. 2 Illustrated is the time required for hexagonal columns which
are three times as long as they are wide to fall a distance of 1 km
starting at altitudes of 20 km or 12 kin. The fall time is not a strong
function of the altitude, but it does vary greatly with the radius of
the particles. Since ice clouds will generally have lifetimes on the
order of a few days due to the varz¢ing temperatures experienced by
air parcels as they move around the vortex, particle sizes on the
order of 101.tm are needed for substantial removal to occur during
the lifetime of a cloud.
Fig. 3 Illustrated is the time required for a hexagonal column to
double or half its size at a supers:tturation of 100% assuming that
5ppmv of water vapor is present. When growth occurs the
supersaturation will be reduced. In rapidly cooling clouds with many
particles the supersaturation will become less than 1% and sizes will
be limited. In slowly cooling clouds with a small number of particles
the supersaturation may remain at the 10% level and large particles
can form.
Fig. 4 Simulations of the seasonal evolution of ice cloud backscatter
are compared with observations fr_m the Syowa station in 1983
(Iwasaka et al., Geophys. Res. Lett. 13,1407,1986). With no energy
barrier (m=l) all of the particles nucleate, clouds with optical depths
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greater than 1 form and the clouds have more backscatter than
observed. With a modest energy barrier (m-.95) only a few particles
form , optical depths are order 10 .2 and the backscatter is of the
magnitude observed.
Fig. 5 The clouds are able to remove water vapor very effectively.
Therefore the timing of water vapor removal and the amount of
water removal are controlled by the temperatures. A further 2
degree cooling would have reduced the water to 2ppmv.
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HETEROGENEOUS CHEMISTRY RELATED TO ANTARCTIC 0_ONE DEPLETION:
REACTION OF CIONO 2 AND N203 ON ICE SURFACES
Margaret A. Tolbert, _tlchel J. Ro_:sl, and David M. Golden
Department of Chemical Kinetics, Chemical Physics Laboratory
SRI International, Menlo Park CA 94025
_.÷_-
Laboratory studies of heterogeneous reactions of possible importance for
Antarctic ozone depletion have been performed. In particular, the reactions
of chlorine nitrate (CION02) and dlnltrogen pentoxlde (N205) have been
investigated on Ice and HCf/Ice surfaces. Reactions I and 2, proposed to
CIONO 2 + H20 ÷ HNO 3 + HOCI (1)
CIONO 2 + HCI ÷ HNO 3 + Cl 2 (2)
occur on the surfaces of polar stratospheric clouds (PSCs) over Antarctlca,[l]
transform the stable chlorine reservoir species (CIONO 2 and HCI) into photo-
chemically active chlorine in the form of H(:_I and C12. Condensation of HNO 3
in the above reactions removes odd nitrogen from the stratosphere, a require-
ment in nearly all models of Antarctic ozone depletion.[l-4]
Reactions 3 and 4 may also be important for Antarctic ozone depletion.
N205 + H20 + 2 HNO 3 (3)
N205 + HCI + HNO 3 + CINO 2 (4)
Like the reactions of chlorine nltrate, these reactions deplete odd nitrogen
through HNO 3 condensation. In addition, reac_tion 4 converts a stable chlorine
reservoir species (HCf) into photochemically active chlorine (CIN02). Reac-
tions I - 4 were studied with a modified version of a Knudsen cell _low reac-
tor. [ 5]
Heterogeneous Reactions of Chlorine Nitrate on Ice
Chlorine nitrate reacted readily with H20 and HCI on ice surfaces at 185 K.
Upon exposure of an ice surface to CION02, gas phase HOCI was detected (reac-
tion I). Formation of gaseous C120 was also observed. As discussed in [6],
C120 is thought to be formed In a secondary reaction. The other product of
reaction 1, HN03, is not observed in the gas phase. However, when the surface
is slowly warmed, HNO3 is detected in thermal desorption spectrometry (TDS).
Thus reaction 1 on ice produces gas phase H(EI and condensed phase I_O 3. The
sticking coefficient for C1ONO 2 on ice measured using m/e 46 Is determined as
0.009 ± 0.002 (1 standard deviation).
The reaction of CIONO 2 with HCI on ice, rea::tion 2, may be especially impor-
tant in the Antarctic stratosphere because It converts t_ chlorine reservoir
species into photochemically active C12. We and others[7,8] have observed
this reaction to proceed readily. This reaction was studied on a surface pre-
pared by co-condensing a 7:1 ratio of _ntoH_O:H_::3theKnudsen ellcol°nt°aWaXc_°ated- _:_ block
at 185 K. When CIONO 2 was Introduced n g this
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surface, gas phase C13 was formed. C13 does not stick to, or react with, ice
at 185 K. The reaction of CIONO 2 on _Cl/ice proceeded until at least 95% of
the total deposited HCf was depleted, indicating rapid diffusion of HC1 in
ice. J7] As was the case for reaction 1, HNO 3 formed via reaction 2 was
observed in TDS after the reaction by slowly warming the sample.
Heterogeneous Reactions of Dinltrogen Fentoxlde on Ice
Dinitrogen pentoxlde reacted readily with ice and HCl/ice at 185 K. When N205
was exposed to ice at this temperature, loss of N205 was indicated by a large
decrease in the m/e 46 mass spectrometer signal. No new mass signals were
observed in this reaction. Assuming that only N205 contributes to m/e 46, the
sticking coefficient for N205 on ice is determined as 0.001 (± 50% in 10
determinations). To the extent that other species contribute to m/e 46, this
should be considered a lower limit to the true value.
The product of reaction 3, HN03, was observed after the reaction in TDS.
Figure la displays the nitric acid TDS signal after reaction of N205 on ice
for 15 minutes at 185 K. Two desorption peaks are observed. Studies _ndicate
that the lower temperature peak is due to overlayers of HN03, and the higher
temperature peak is due to hydrates of HNO3.[9] Figure Ib alsplays the f_O 3
signal after exposure of N205 at the same pressure to halocarbon wax-coatea
copper for 15 minutes at 185 K. The small signal in this figure is thought to
be due to impurity HNO 3 in the N205. It can be seen that the HNO 3 produced
from reaction 3 is much more abundant than that due to impurity.
The reaction of N205 with HCI was studied on a cold wax-coated copper surface
and on ice. The Knudsen cell effluent for the reaction of N2Oswith HCI on
waxed copper at 185 K is shown in Figure 2a. For comparison, the mass spec-
trum of CINO2 Is shown in Figure 2b. The similarity in these two spectra sug-
gests that CINO 2 is a gas phase product of reaction 4. Similar spectra were
obtained for the reaction of N205 on HCl/Ice surfaces at 185 K. CINO 2 did not
stick to, or react with, ice at 185 K. As was the case for the reaction of
CIONO 2 with HCf, reaction 4 proceeded until essentially all of the lICl in the
ice was depleted. HNO 3 was observed in the ice after reaction using TDS.
Heterogeneous Reactions on Acidic Surfaces
As discussed above, reactions ! - 4 proceed readily on ice surfaces at
185 K. Reaction I has also been studied on several acidic surfaces that may
be more representative of the PSCa over Antarctica. It was found that reac-
tion l occurs on only certain nitric acld/ice surfaces at 185 K. Of surfaces
prepared by co-condensatlon of 1:2, 2:1, and 4.5:1 mixtures of HgO:HNO_, only
the latter one promoted reaction I.[6] These results suggesE a c_itical
amount of water is needed for the reaction to proceed.
Reaction I was also studied on sulfuric acid surfaces. It was found that this
reaction proceeded readily on 95% _SO 4 at room temperature.[10] This reac-
tion did not, however, occur on 9_% H_SO 4 at 185 Z.[6] We are currently
investigating reactions I and 2 on low lemperature sulfuric acid surfaces of
varying composition (65 - 85% H2SO4). The effects of temperature and acid
concentration on the reaction efflciencies will be discussed.
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Figure i TDS scans of HNO 3 after a)
exposure of ice to N205
(P = I mTorr) for 15 minutes
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CINO 2 with a 5% CI 2
impurity.
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Hass Accomodation Coefficient Heasurements for HNO3, HC1 and
N205 on Water, Ice and Aqueous Sulfuric Acid Droplet Surfaces
Doulgas Worsnop, Hark Zahniser and Charles Kolb
Aerodyne Research, Inc., 45 Harming Road, Billerica, MA 01821
Lyn Watson, Jane Van Doren, John Jayne and Paul Davidovits
Department of Chemistry, Boston College, Chesnut Hill, HA 02167
We report preliminary results of the direct measurement of accommodation
coefficients for HN03, N205 and HCI on water drops, aqueous sulfuric acid
drops and ice particles. The heterogeneous chemistry of these species
together with CIONO 2 has been implicated in the ozone depletlon observed in
the antarctic stratosphere during the spring in the last eight years. The
most plausible chemical mechanism involves the removal of nitrogen oxide
species via condensation on ice particles in polar stratospheric clouds
resulting in an increase in the active chlorine species responslble for the
ozone depletion. The observation of low NO 2 and high C10 densities in the
antarctic stratosphere last summer appear to be consistent with such a
mechanism.
This heterogeneous mechanism is also supported by ground breaking
laboratory experiments at JPL (Molina et. al., 1987) and SRI (Tolbert et. al.,
1987) which showed that key reactions have sufficiently large probability (>
10-3 ) on ice surfaces at 200 K to be important in the antarctic stratosphere:
N205 + H20(s) --> 2HNO3(s )
CIONO 2 + H20(s ) --> HOCI(g) + HNO3(s)
ClONO 2 + HCI(s) --> C12(g) + HNO3(s)
These reactions have the net effect of freeing active chlorine and removing
odd nitrogen in the form of condensed nitric acid. However, because gas phase
diffusion limits the rate of mass transport to the macroscopically large
surfaces used in these experiments, many of the details of the surface
reaction kinetics were unresolved in these first experiments. Furthermore,
the combination of laboratory gas densities that are much larger than those in
the atmosphere and the long gas/surface contact times (> 0.1 sec) may lead to
surface saturation effects that are not representative of atmospheric
conditions. There is also a need to extend heterogeneous reaction studies to
sulfuric acid surfaces which are characteristic of global stratospheric
aerosols.
Our experimental technique can directly measure heterogeneous uptake
rates of gases corresponding to accommodation coefficients from 10-4 to 0.3
and larger. A measured flow of trace gas is exposed to a fast moving (20
meter/s) stream of droplets. The droplet stream provides a continuously
renewed surface of well defined area. Depletion of trace gas is measured as a
function of surface area to which the gas is exposed. Although laboratory gas
densities are still larger than in the stratosphere, the potential for surface
saturation effects is reduced by limiting the time of contact between the
surface and trace gas to a millisecond or less. Operation at low pressure
(down to 2 torr) and the use of small droplets (100 _m) maximizes gas phase
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diffusion rates. Furthermore, gas phase mass transport rates can be
deconvoluted from surface kinetics by varying the carrier gas pressure and
composition.
Figure 1 shows a schematic of the apparatus. A stream of regular
droplets is generated by pressurizing the liquid above a 60 _m orifice
vibrated with a piezoelectric crystal. The size, spacing and velocity of the
droplets are monitored with a cylindrically focussed He/Ne laser beam. The
droplet stream is passed through two vacuum chambers before transversely
crossing a 2.5 cm diameter flow tube. The stream is collected in a
temperature controlled flask in a separate chamber. The composition of the
atmosphere in each vacuum chamber is carefully controlled in order to maintain
equilibrium between droplet temperature and water vapor pressure in the flow
tube. The concentration of trace gas in the flow tube is monitored via diode
laser absorption in a multiple pass cell downstream of the droplet stream.
Accommodation coefficients are calculated by comparing observed gas
uptake (An/n) with the number of collisio_is of trace gas molecules with
droplet surface as
4F
g An
_ _
c N A d
m
where c is the trace gas average thermal velocity, Fg is the carrier gas
volume rate of flow, and N and Ad are the number and surface area of droplets
to which the trace gas is exposed.
Figure 2 plots the uptake rate, expressed as an observed accommodation
coefficient, for HNO3 as a function of the water vapor pressure in the flow
tube. The variation in the water vapor pressure corresponds to a variation in
the water droplet temperature, since the droplets actively cool by evaporation
as they come into equilibrium with the ambient water vapor. This effect is
shown in Figure 3, which plots accommodation coefficient versus inverse
temperature.
The observed accommodation coefficients plotted in Figure 2 is a
convolution of the "true" accommodation coefficient and the rate of gas phase
diffusion of the trace gas to the droplet surface. The latter also varies as
the flow tube pressure is changed. In extensive experiments with H202 and
S02, in which the pressure was varied from 2 to 50 torr with up to 70% added
He or At, the pressure dependent gas mass transport and heterogeneous uptake
rates were deconvoluted from one another. Figure 3 plots actual accommodation
coefficients obtained by correcting observed uptake rates for gas diffusion
limitations using parameters determined in the H202 and S02 experiment_.
The line in Figure 3 shows a simple Arrhenius fit to the observed
temperature dependence. The curve in Figure 2 is a convolution of this
Arrhenius dependence with gas phase diffusion to simulate the actual
laboratory data. The Arrhenius fit is somewhat qualitative but does give the
first indication of the temperature dependence of the gas/water accommodation
process.
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The g(0°C) and AE values obtained so far are summarized in Table 1. The
negative AE for H202 and }{NO3 are consistent with attractive sticking of these
molecules to the aqueous surface. The magnitude of AE in the 4-10 kcal/mole
range is consistent with attractive well which is less than the solvation
energy of these highly soluble species.
As listed in Table 1, we have also measured the N205 sticking coefficient
to be 0.08 at 0°C. The HNO 3 and N205 results are consistent with the values
> 10-3 reported for these molecules on 200°K ice surfaces.
In experiments with pure water droplets, there is no indication that
droplets freeze even upon supercooling down to -20°C. However, upon the
addition of pseudomanas syringel, a naturally occurring bacterium that is
known to indicate ice nucleation at -3 to -5°C, droplets freeze on a 10
millisec timescale when supercooled to -10°C. Freezing is detected via
depolarization of a polarized He/Ne laser beam backward scattered from the ice
particles. Preliminary experiments measured an uptake rate for HC1 on to ice
consistent with an accommodation coefficient of -0.I. Uncertainties in the
trace gas/stream interaction volume limit the precision of the gas/ice
experiments to date, but the measured HC1 uptake is consistent with that
observed for other soluble gases on pure water droplets and with observations
reported for ice coated surfaces (Holina et. al., 1987). Further experiments
on ice particle streams are in progress.
We have also demonstrated that we can produce streams of aqueous sulfuric
acid droplets up to 95% (by weight) H2SO 4. Control of these streams is
complicated by the fact that evaporation or condensation of water vapor from
or to the droplets changes both the temperature and composition of the droplet
surface. Preliminary experiments with HNO 3 indicate that for 50% H2SO 4
surfaces, g(HNO 3) is 0.1. This is similar to the _ on pure water and is
significantly larger than the < 10-3 value typically for 95% H2SO 4 surfaces.
Further experiments are currently in progress to directly probe the range
around 75% H2SO 4 composition that is typical of stratospheric conditions.
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Table 1 - Mass Accommodation Coefficients on Liquid Water Droplets
_(0°c)
HNO 3 0.16
H202 0.21
N205 0.08
HC1 on ice -0.1
AE (kcal/mole)
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LABORATORY STUDIES OF STICKING COEFFICIENTS AND
HETEROGENEOUS REACTIONS IMPORTANT IN THE STRATOSPHERE
Minq-Taun Leu
Jet propulsion Laboratory, California Institute of Technology,
4800 Oak Grove Drive, Pasadena, California 91109.
The discovery of ozone depletion during springtime in the
Antarctic stratosphere has received wide spread attention. Both
meteorological and chemical mechanisms have been used in
attempts to explain this observation. The chemical theory
focused on the chlorofluoromethanes released into the atmosphere.
However, gas-phase, homogeneous reactions alone in the model can
not adequately explain such a depletion. Heterogeneous
reactions, such as:
(i) CIONO 2 + HCl ..... > Cl 2 + HNO 3
(2) CIONO 2 + H20 ..... > HOCI + HNO 3
(3) N205 + HCI ..... > CINO 2 + HNO 3
(4) N205 + H20 ..... > 2 HNO 3
on ice surfaces could be important in the Antarctic
stratosphere. Reactions (1)-(4) are thought to convert ClONO 2
and N205 into HNO 3 in the solid phase while C12, HOCl, and CINO 2
are released into the stratosphere as gas -phase products. The
photolysis of C12, HOCl, and ClNO2, then produces active chlorine
which subsequently removes ozone through several catalytic
cycles, including the C1202 mechanism. The polar stratospheric
clouds are thought to consist of mixtures of water ice, nitric
acid, and sulfuric acid. Condensation of HCl onto the PSC's
could provide active surfaces for heterogeneous reactions, such
as (i) and (3).
A fast flow reactor was used for investigating the sticking
coefficients of the trace gases on ice. The diameter of the flow
tube was 1.89 cm, and the length was 50 cm. The temperature of
the flow tube was measured by a pair of thermocouples and its
temperature was maintained at about 190-200 K by circulating
cooled dry nitrogen through its outside jacket. The cooling
jacket was further insulated by another exterior jacket which was
evacuated by a mechanical pump. The pressure was monitored at
the downstream end of the flow tube by means of a Baratron
pressure meter. The ice surface was prepared by passing water
vapor in helium carrier through an injector tube which was slowly
moved along the length of the flow tube until a thin uniform ring
was formed. Ice was prevented from forming in the injector tube
by flowing dry nitrogen through a jacket which extended beyond
its downstream end. The flow rate of water vapor was measured by
monitoring the pressure and the temperature at the water
reservoir and also monitoring the helium flow rate. The
detection of the trace gases was performed by using an EMBA II
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quadrupole mass spectrometer. We utilized the electron impact
ionization method to monitoc the parent peak or the
fragmentation peaks of the gas molecules. For example, H20 or
HCI were detected by their parent peaks while CIONO 2 or N205 were
measured by NO 2 ions.
Measurements of sticking coefficients for H20 , HCI, Cl 2 and
HNO 3 on ice and of reaction probabilities for reactions (i) and
(2) have been summarized in a recent publication. Measured
sticking coefficients are: 0.3 (_0.7,-0.i) for H20 , 0.4 (+0.6,-
0.4) for HCI, < 1.0 x 10 -4 for C12, and 0.3 (+0.7,-0.3) for HNO 3
at 200 K. The reaction probability of ClONO 2 on ice was found to
be 0.06 (±0.03) while HOCI was observed as the sole product in
the gas phase. In the presence of 0.015-0.071 mole fractions of
HCI in ice, the reaction probability of CIONO 2 is greatly
enhanced, approaching 0.27 (+0.73, -0.13) while molecular
chlorine was found to be the major product in the gas phase.
Another reaction product was nitric acid which remained in the
solid phase.
In a preliminary investigation the reaction probability of
N205 was found to be 2.8 (±i.i) x 10 -2 on ice at 195 K and 3.4
(±1.4) x 10 -2 with 0.015-0.040 mole fractions of HCl at 195 K.
One of the reaction products, HNO3, remained in the condensed
phase. It should be noted that the yield of NO2, a probable
reaction product, was negligible in these N205 reactions. This
work will be continued in the laboratory and the results will be
presented at the Workshop.
In addition, similar reactions on sulfuric acid/water ice
surfaces will be investigated because of their potential
importance for the global stratosphere.
Acknowledqments. The research described in this paper was
performed by the Jet Propulsion Laboratory, California Institute
of Technology, under a contract with the National Aeronautics and
Space Administration.
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LIDAR OBSERVATIONS OF POLAR STRATOSPHERIC CLOUDS
AT MoMURDO, ANTARCTICA, DURING NOZE-2
Bruce M. Morley
SRI International
333 Ravenswood Ave.
Menlo Park, CA 94025
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SRI International operated a dual wavelength (1.064 ,m and .532 pm)
aerosol lidar at McMurdo Station, Antarctica, as part of the National
Ozone Expedition-2 (NOZE-2). The objective of the project was to map
the vertical distributions of polar stratospheric clouds (PSCs), which
are believed to play an important role in the destruction of ozone in
the Antarctic spring. Altitude, thickness, homogeneity, and duration of
PSC events as well as information on particle shape, size or number
density will be very useful in determining the exact role of PSCs In
ozone destruction. The lidar gives a direct measure of PSC density
distributions, and when combined with measurements of other investi-
gators, additional properties of PSCs can be estimated.
Lidar data were collected on 22 days between September 3 and
October 5, and PSCs were observed on 16 of those days. A total of over
200 hours of lidar data were collected. The lidar system transmitted
energy into the atmosphere at an infrared wavelength of 1.064 _m
(500 mJ) and at a green wavelength of 0.532 pm (200 mj) simultaneously,
with a pulse repetition frequency up to 10 pulses per second. The back-
scattered light was collected by a 61 cm diameter telescope, optically
filtered to remove background light, separated into infrared and green
components, and focused onto an appropriate detector. Three channels
were used for data collection. The output of a s111con avalanche
photodlode used for detection of the infrared (1.064 _m) signals was
logarithmically amplified to enhance the dynamic range of the lidar
observations, and then digitized by a high speed analog-to-dlgital (A-D)
converter (12-bit, 10 MHz). An average of 128 laser firings (a 30
second to 5 minute time period) was then recorded on 9-track magnetic
tape. The green lidar optical returns were converted to electrical
signals by a photomultlplier tube. The high gain of the PM tube
necessitated gating the tube to prevent detector saturation from strong
lower tropospheric backscatter signals.
During NOZE-2, the PM tube was normally gated on at a lidar range
of approximately I0 km. An analog signal was taken from the anode of
the tube, logarithmically amplified, and digitized with a high-speed
averaging A-D converter (10 bit, 20 MHz). An average backscatter signa-
ture derived from 256 laser firings was then recorded on magnetic
tape. The signal from the last dynode of the PM tube was used in a
photon-counting data channel. Again, averages of 256 lldar signatures
were written on the magnetic tape. Both A-D converters operated at a
vertical resolution of 15 m, while the photon counter provided a verti-
cal resolution of 150 m. A color display of all three signals was used
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for real-time monitoring of the lidar performance and for providing
information on aerosol distributions for operational purposes.
Figure I (presented here in black-and white) is an example of the
real time display generated during data collection. The PM tube was
gated on at about 10 km, and Rayleigh scattering can be seen in both the
analog ("green") and in the photon counting channel ("blue") up to an
altitude of 20 km. A PSC return feature is seen in both PM tube chan-
nels between 16 and 18 km. The 1.064 _m return signal ("red") shows
Rayleigh scattering below 4 km and cirrus cloud backscatter between 4
and 8 km. No evidence of the PSCs is seen in the infrared return signal
because of the reduced sensitivity of the infrared system.
FIGURE 1 REAL-TIME DISPLAY WITH 1.064 _m RETURN (RED),
0.532 prn ANALOG RETURN (GREEN), AND 0.532/_m
PHOTON COUNTING RETURN (BLUE)
Figure 2 is an example of PSC height/time distributions derived
from 0.532 _m analog return signals displayed with a post-collection
data processing program. The PSCs are _:_eenas white bands between 12.5
and 14.5 km. The variability of the return signal strength and altitude
is evident in this display. A short-lived layer of PSCs at 15.5 km
centered at about 0100 local time is al_!;oof note.
The solid lines in Figure 3 represent an analysis of the photon
counting signal in terms of relative backscatter (A) and scattering
ratio (B) as functions of altitude. Scattering ratio is the total
backscatter divided by Rayleigh backscatter, and is a parameter
typically used to quantify lidar-detected stratospheric aerosol layers.
The dashed line in (A) represents backscatter from a model Rayleigh
atmosphere, and in (B) it represents th_i_scattering ratio of a Rayleigh
atmosphere (by definition equal to I). The fine vertical structure seen
in Figure 2 is not apparent in Figure 3 due to the 150 m range bins of
the photon counting data channel.
More examples of PSC events will b_ presented in the formats of
Figure 2 and Figure 3. Scattering rati_,s from the green analog data
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channel will be presented. Estimates of infrared scattering ratios will
be shown for cases where PSCs were detected in the 1.06 _m channel.
These results are currently being analyzed in terms of PSC properties
which are useful for modeling the stratospheric ozone depletion
mechanism.
This work was sponsored by the National Science Foundation under
Grant DPP-8617364.
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OBSERVATIONS OF CONDENSATION NUCLEI IN THE 1987 AIRBORNE
ANTARCTIC OZONE EXPERIMENT
by
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INTRODUCTION
The condensation nucleus counter (CNC) flown on the NASA ER-2 in
the Airborne Antarctic Ozone Experiment provides a measurement of the
number mixing ratio of particles which can be grown by exposure to
supersaturated n-butyl alcohol vapor to diameters of a few microns.
Such particles are referred to as condensation nuclei (CN). The ER-2
CNC was calibrated with aerosols of known size and concentration and
was found to provide an accurate measure of the number concentration of
particles larger than about 0.02 _m (Wilson et al. 1983). Since the
number distribution of stratospheric aerosols is usually dominated by
particles less than a few tenths of micron in diameter, the upper
cutoff of the ER-2 CNC has not been determined experimentally.
However, theory suggests that the sampling and counting efficiency
should remain near one for particles as large as ibm in diameter.
Thus, the CN mixing ratio is usually a good measure of the mixing ratio
of submicron particles.
The mixing ratio of CN is expressed as the number of particles
per milligram of air (#/mg AIR). Measurements of CN together with
observations of larger particles and trace species provide information
on the processes affecting small particles and on the role they play
in the dynamics of the antarctic stratospheric aerosol.
The ER-2 flights in the Airborne Antarctic Ozone Experiment
consisted of flights from Punta Arenas, Chile (53 Slat) to
approximately 72 Slat near the base of the Palmer peninsula as well as
ferry flights from Moffett Field, CA to Punta Arenas and back. On most
flights south of 53 S, the ER-2 profiled a range of altitudes around 72
S. These profiles were done in a region of the atmosphere where ClO
concentrations were elevated and NOy and H20 were depleted and are
insitu measurements in the Antarctic Ozone Hole.
108
OBSERVED CN MIXING RATIOS AND POPULATIONS OF SUB .12_m PARTICLES
Profiles of CN mixing ratios measured at 8 N latitude (Panama)
and 53 S latitude (Punta Arenas) are shown in Fig. I. The values
shown for 8 N are characteristic of those measured at 8 S in January 87
as well. Most of the CN mixing ratio profiles measured from August 12
to October 3, 1987 are plotted on Figure 2 where the solid line
profiles were measured south of Puerto Montt(41S). Figure 3 shows
profiles similar to those measured at 53 S and 72 S in August and
September 1987. Figure 2 confirms the impression provided by Figure 1
that CN mixing ratios at a given potential temperature were observed to
be smaller south of 41S. Figure 3 shows that the decrease continues
for potential temperatures below about 400 K as one moves to 72 S.
Above about 400 K at 72 S, increases in CN mixing ratio suggest an
upper altitude source of small particles. When number concentration is
plotted against ambient pressure, the variability is found to decrease.
At 18 km pressure altitude almost all of the measured profiles show
concentrations between 4 and 6 partic].es/cm 3.
Figure 4 shows the ratio of CN mixing ratio to the mixing ratio
of particles with a diameter larger than 0.12#m measured with the PMS
ASAS-X aerosol spectrometer. Small ratios occur when size
distributions are dominated by partici[es larger than 0.12_m in diameter
and large ratios occur when number distributions are dominated by
smaller particles. Comparison of Figures 3 and 4 shows that small CN
mixing ratios often occur when size distributions are dominated by
particles larger than 0.12_m in diameLer. For potential temperatures
below 420 k, the ratios of CN to ASAS-X (ch 2 to 22) were usually
smaller at 72 S than at 53 S.
RELATIONSHIP BETWEEN CN AND I_oO: CN SOURCES AND SINKS
The sources for N20 awe in the t:_oposphere and it is destroyed at
high altitude in the stratosphere. A:. the altitudes reached by the
ER-2, the chemical lifetime of N20 is long compared to the transport
times and so N20 serves as a tracer for tropospheric air. The profiles
of N20 measured at 72 S differ considerably from those measured at
53 S with lower values being observed at the same potential
temperatures at 71 S. A scatter plot:_ of CN vs N20 for profiles
measured at 53 S and 72 S are shown in Figure 5. For concentrations of
N_O above 180 ppbv, CN and N20 show a positive correlation. In this
region, the tropospheric source of CN dominates. For concentrations of
N20 below 130 ppbv, the correlation between CN and N20 is reversed and
a stratospheric source of CN causes the vertical gradient of CN mixing
ratio to be reversed. This pattern i:_ repeated on nearly all flights.
Figure 6 contains all the N20-CN scatter data for Sep 20 and shows that
the relation holds to about +25% for all potential temperatures
encountered during the flight. The reversal of CN mixing ratio
gradient occurs at about 18 km pressu:ce altitude on Sep 20 at 72 S.
I09
dofmann et. al. (1988) report an increase of CN concentration with
altitude above 20 km pressure altitude in the 1988 Ozone Hole and
suggest that it is associated with subsiding air. The relationship
between CN and N20 shown in Figures 5 and 6 supports their supposition.
For N20 values between 190 ppbv and 240 ppbv, Figure 5 shows
that the profiles at 72 S and 53 S show the same relationship between
CN and N20. A similar overlap occurs on many flights. The parcels
involved in the overlap have quite different potential temperatures.
Assume that the parcels started with similar makeup at the same
potential temperature and that the parcel sampled at 72 S lowered its
potential temperature by diabatic processes involving PSC's. Then
using N20 as a tracer, we conclude that the removal of CN in the
process was not larger than the 30% scatter in the plot
REFERENCES
Wilson J.C., Hyun J.H.,Blackshear E.D.,J. GeopA_s. i_s.,88C6_81-6_85J,
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STRATOSPHERIC COI//MN NO2 MEASUREMENTS
FROM THREE ANTARCTIC SITES
J.G.Keys and P.V.Johnston _>j,%_ _ _ ,
Physics and Engineering Laboratory,DSIR ..... _
Lauder, Central Otago, New Zealand
The significance of stratospheric odd-nitrogen compounds in
Antarctic ozone depletion studies has prompted an increase in our
Antarctic activities since 1986. Although several species are being
studied, work has concentrated on the acquisition of NO2 data.
Ground-based measurements of stratospheric column NO2 have been made
at Arrival Heights, Antarctica, since spring 1982, with some gaps in
the data base. Additional data has been acquired since February 1986
at Pole Station and Halley Bay, thus providing a chain of stations
across the continent.
The technique used is that of adsorption spectroscopy in several
wavelength regions, although here we only report on those
measurements in the 430-450nm region where strongly structured
absorption features due to NO2 are identified in scattered sunlight
in the zenith sky. Operation of a moon-tracking system at Arrival
Heights has provided some additional data during the polar night.
Previous analyses have shown that the NO2 column observed from the
ground is strongly influenced by the season, and by the location of
the site with respect to that of the polar vortex. The column amount
correlates strongly with stratospheric temperature at about 70 mbar.
The present data set further illustrates these features, and
demonstrates both the strengths and qualifications apparent in the
technique.
Data are acquired over a range of solar zenith angles around
dawn and dusk twilight, and plots of data taken at 90 degrees show
the seasonal trends in the observed slant column. Figure 1 shows a
composite data set for Arrival Heights for 1982-1987. In general the
afternoon values are higher than in the morning because of release of
NO2 from its overnight storage rese_roir. It can be seen that there
is a steady seasonal decline in NO2 in the autumn data, and a
corresponding increase in spring, caused in the main by movement of
NO2 to and from the polar night storage reservoirs, thought to be
N205 and HN03. It should be pointed out, however, that the large 90
degree slant column values are a consequence of enhanced absorption
in the long _th at _-'il_g_t; and model calculations show that the
enhancement factor, proportional to airmass, is also dependent on
layer height. Our initial calculations suggest that the bulk of the
NO2 layer in autumn is probably at a height of about 20km, whereas in
spring it is located much higher, perhaps 30km. If the layer is
rising during autumn, therefore, some reduction in the observed slant
column of up to 25 percent could result,without any real change in
the vertical column. Large quasi-cyclic variations in spring are the
result of observing NO2 enriched air from lower latitudes as the
vortex moves away from the site. A more detailed examination of the
year by year plots shows
I) Onset, at about day 60, of conversion of NO2 to N205 as
continuous daytime photolysis of NO3 first ceases, even though the
layer is still continuously, but weakly, illuminated:
2) Rather uniform behaviour in _utumn, but large differences in
spring as planetary wave activity changes from year to year:
3) A suggestion in the 1987 data of a reduction in the diurnal
variation of NO2, which may mean that more NOx is sequestered in HN03
at the expense of N205:
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4) Consistently low values of NO2 in spring 1987, evidently
associated with the low temperatures that prevailed.
Figure 2 shows the combined data for Halley Bay, Pole Station
and Arrival Heights for 1986. Because 90 degree data can only be
obtained from Pole at the equinox, the Pole values have been
extrapolated to 90 degrees, and are hence subject to some
uncertainty. The data clearly show the response of the stations to
the particular location of the polar vortex.
Figure 3 shows an interesting data set from Pole Station
acquired near the 1987 autumn equinox. During the course of day 90/91
the solar zenith angle increases by only half a degree, but the data
clearly show a diurnal variation of up to twenty percent in the slant
column. We interpret this as the signature of a horizontal spatial
gradient in NO2 seen in the slant column as the sun moves around the
station at effectively constant solar zenith angle. Some of the
variation may also be due to a spatial change in the effective height
of the NO2 layer.
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Ground-based measurements of 0 3, NO 2, OCIO, and BrO
during the 1987 Antarctic ozone depletion event
R. W. Sanders, S. Solomon, M. A. Carroll, and A. L. Schmeltekopf
Aeronomy Laboratory, NOAA, Boulder, CO 80303
Near-ultraviolet absorption spectroscopy in the wavelength range from 330-370 nm was
used to measure 0 3, NO 2, OC10, and BrO at McMurdo Station (78S) during 1987. Visible
absorption measurements of O 3, NO 2, and OC10 were also obtained using the wavelength
range from about 403-453 nm. These data are described and compared to observations
obtained in 1986. It is shown that comparisons of observations in the two wavelength ranges
provide a sensitive measure of the altitude where the bulk of atmospheric absorption takes
place. The measurements indicate that the bulk of the NO 2 column abundance is located near
30 kin, while those of OC10 and O 3 are near 20 kin. The measurements of NO 2 display a
systematic increase during the month of September, probably reflecting the release of odd
nitrogen from reservoirs formed earlier in the winter season. The measurements of OC10
display a strong diurnal variation, with considerably higher values being obtained in the
evening than those measured in the morning. The evening twilight OCIO column
abundances obtained in 1987 were notably larger than those in 1986, perhaps because
stratospheric temperatures were colder, and associated heterogeneous chemistry may have
been more intense. These observations provide important constraints on the coupled
nitrogen-halogen chemistry of antarctic spring and its influence on the springtime antarctic
ozone depletion. Observations of the evening twilight BrO abundance over McMurdo
Station, Antarctica during austral spring, 1987 are described. The observed variation of the
slant column abundance with increasing solar zenith angles suggests that most of the BrO is
located near 15 krn. The total vertical column abundance observed during one week of
measurements yielded an average value of 2.5x1013 cm-2 assuming the room temperature
absorption cross sections measured by Cox et al. 1. These values are consistent with BrO
mixing ratios of about 5-15 pptv distributed from 150 to 20 mb.
1 Cox, R. A., D. W. Sheppard and M. P. Stevens, J. Photochem., 19, 201, 1982.
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Near UV Atmospheric Absorption Measurements From the DC-8
Aircraft During the 1987 Airborne Antarctic Ozone Experiment
A. Wahner , R.O. Jakoubek , A.R. Ravishankara, G.H. Mount, and
A.L. Schmeltekopf.
Aeronomy Laboratory, NOAA/ERL, Boulder, CO 80303
Cooperative Institute for Research in Environmental Science (CIRES),
University of Colorado, Boulder, CO 80309
During the Airborne Antarctic Ozone Experiment.from 28 August 1987 to 30
September 1987 near UV zenith scattered sky measurements were made over
Antarctic from the NASA DC-8 aircraft using a 1/3 m spectrograph equipped
with a diode-array detector. Scattered sky light data in the wavelength
range 348 nm- 388 nm was spectrally analyzed for 03, NO2, OC_O, and BrO
column abundances. Slant column abudances of O3, NO2, OC_O and BrO were
determined, using a computer algorithm ef non-linear and linear least square
correlation of Antarctic scattered sky spectra to laboratory absorption
cross section data. Using measured vertical electrochemical sonde ozone
profiles from Palmer, Halley Bay, and the South Pole Stations the slant
columns of 03 were converted into vertical column abundances. The vertical
column amounts of NO2, OC_O, and BrO were derived using vertical profiles
calculated by a chemical model appropriate for Antarctica. NO 2 vertical
column abundances show steep latitudinal decrease with increasing latitude
for all 13 flights carried out during the mission. In the regions where NO 2
abudances are low, OC_O and BrO were observed. The spatial and temporal
vertical column abundances of these species will be discussed in the context
of the chemistry and dynamics in the antarctic polar vortex during the
austral spring.
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Infrared measurements of column amounts of stratospheric
constituents in the Antarctic winter, 1987
by
William G. Mankin and M. T. Coffey
National Center for Atmospheric Research*
P. O. Box 8000, Boulder, Colorado 80807
The discovery by Farman et ai. (1985) of recent large depletions of ozone in the
Antarctic stratosphere in the austral spring has aroused great interest because of its
serious potential consequences, as well as its surprising nature. An airborne expedition,
including 21 experiments on two aircraft, was mounted from Punta Arenas, Chile, in
August and September, 1987, to gather a wide range of data to understand the origins
and implications of this phenomenon, known as the "ozone hole". As a part of this
expedition, we flew a high resolution Fourier transform spectrometer on the DC-8,
measuring the column amount of a number of trace gases above the flight altitude.
Infrared spectroscopy is a valuable technique for studying the chemistry of the
stratosphere. It is a remote sensing technique, capable of operation on aircraft with
ceilings below the region to be observed. Using the sun as a source for absorption spec-
troscopy allows high resolution and signal-to-noise, permitting detection of species at
sub-ppb levels. The inherent spatial averaging of the technique focuses on large scale
phenomena rather than small fluctuations. Perhaps its most valuable attribute is the
ability to measure a number of species simultaneously, allowing study of the relation-
ships of members of a family of chemical species. The principal disadvantages are the
inability to measure some important species, especially free radicals, because of their
low concentration, the limited ability to determine the vertical profile of concentration,
and the sensitivity of retrieved columns to assumptions of the distribution of tempera-
ture and relative concentration.
Our instrument consists of an infrared window for admitting infrared radiation
from the sun, a suntracker for directing the radiation into the spectrometer, a Michel-
son interferometer for separating the wavelengths and measuring the intensity, and a
computer for collecting the data and storing it for analysis. The window is a disk of
ZnSe 20 cm in diameter and 1.5 cm thick; it allows us to observe the sun over a range
of zenith angles of 75 to 93 * and azimuths of 80 to 100" relative to the aircraft head-
ing. The suntracker has two axis control, frequency response from d.c. to about 10 Hz,
and automatic gain control to correct for varying solar brightness as the sun sets or we
encounter thin clouds. It maintains the solar image stable to about an arcmin even in
the presence of moderate turbulence or clouds with visible optical depth less than 2.
The spectrometer is based on a commercial modulator. It uses plane mirrors and
an air bearing for motion of the moving mirror. The maximum optical path difference
is 16 cm, yielding an apodized resolution (FWHM) of 0.06 cm "l. The output beam is
focused on a field stop with diameter about 15 arcmin. This reduces the effect of any
modulation of the signal by tracking errors. A bandpass filter selects the spectral
region to be observed. A dual element "sandwich" detector measures the intensity; the
elements are InSb for wavenumbers greater than 1900 cm "l, and HgCdTe for lower
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frequencies.The spectral region covered is 700-5000 cm "1 in several bands. A single
spectrum requires 6 seconds to record. Typically 1(_ successive spectra are averaged for
analysis.
A PDP-11/23+ computer controls the operation of the instrument and records the
interferograms, housekeeping data, and the output of the aircraft navigation data sys-
tem on magnetic tape. It includes a high speed array processor which allows transfor-
mation of interferograms to produce spectra allowing analysis and determination of
column amounts of several species during the flight. This proved to be useful in deter-
mining when the observations were inside the region of reduced ozone in almost real
time.
We made observations on two test flights frcm Ames Research Center, on ferry
flights to and from Punta Arenas, and on ten flights over Antarctica. Three other
flights, including one from Punta Arenas to Christchurch, N.Z., were made entirely in
the dark. Most of the observation flights had one or more periods of typically half hour
duration when the heading of the aircraft was selected to permit solar observations. In
the course of the experiment, we obtained approximately 6440 spectra. These are dis-
tributed among the filters as shown in Table I.
Table I
Filter Spectral Region Number of Spectra Molecules Measured
1 1900-3900 cm "1 470 none
2 700-1850 cm 1 660 Os,CH4,HNO s
3 700-1340 cm 1 1800 Os,HNOs,N20,CH4,CIONO 2
4 2850-3100 cm "1 1170 HCI, CH 4
5 1970-2420 cm "1 540 CO, OCS, O s
6 1500-1650 cm 1 870 H20 , NO_
7 790-1070 cm "l 30 none
8 4000-4500 cm "1 610 HF
9 1760-1980 cm "l 290 NO
For each molecule and spectral region used, a spectral line or group of lines was
selected for analysis, based on strength and freedom from interference. For molecules
such as HCI where the suitable lines are few and far apart, we used an equivalent width
method of analysis (Coffey et al., 1981), whereas for molecules such as ozone where there
are many suitable lines, including spectral regions where the target molecule dominates
the atmospheric absorption, the process of nonlinear least squares fitting of a calculated
spectrum to the observed spectrum was employed (Niple et al., 1980). The latter pro-
cess is more laborious and computer intensive, but improves the precision by using more
lines, including overlapping lines. Details of the analysis procedure will be published
elsewhere. The spectroscopic parameters for the selected lines were taken form the
AFGL compilation (Rothman et al., 1987)
Both analysis methods require the calculatiol_ of the expected spectrum with a
particular amount of the target gas, for comparison with the observed spectrum. The
spectra are calculated by the Fourier technique ,:,f Mankin (1979). The calculations
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require knowledgeor assumption of the vertical distribution of the temperature, pres-
sure, and absorber mixing ratio. This information is used at two stages: first, for the
calculation of the absorption corresponding to a given amount of absorber along the
line of sight, and second, for the conversion of the line of sight amount to a vertical
column. While in the past, we have taken the shape of the mixing ratio curves from
published vertical profiles (Coi[ey et al., 1981), in the highly perturbed chemical region
of Antarctica, the profiles are expected to be quite different than standard midlatitude
profiles. For ozone, there are ozonesonde data from several stations which serve as a
guide, but for the trace species, there is little information. Some information can be
gained from the spectra if observations are made through the same air mass at different
solar elevations. This experiment was, in fact, performed on September 24, when three
sun runs were made in the vicinity of 80°S., IlI'W. at sun angles around 0.75 °,
2.84 °, and 6.03" We have used these data to adjust the mixing ratio profiles, and
have used these profiles to reduce other observations within the vortex. The greatest
uncertainty from this source occurs near the vortex boundary.
The precision of the results is good, particularly from the flights later in the mis-
sion after certain improvements in the operation were made. During the flight of Sep-
tember 21, a series of 40 successive spectra were recorded near 82°S. These were
divided into groups of 10, averaged, and analyzed. The standard deviation in the ozone
column retrieved from the four groups was less than 1_ of the mean. The comparison
of our ozone columns with those of TOMS and the JPL interferometer was also good
(Margitan, this volume) The absolute accuracy is harder to estimate. The principal
errors come from errors in the line parameters, errors in the assumed distribution of
temperature and mixing ratio, and approximations made in the calculation of the syn-
thetic spectra. These errors are estimated at 10vTv for ozone and somewhat greater for
the trace gases.
In this paper, we present column results only from the flight of September 21;
results from other flights are included in the accompanying paper. Figure 1 shows the
deduced columns for ozone, HCI, and NO 2 deduced from the spectra, plotted as a func-
tion of latitude. It should be noted that there are many other factors varying as well
as the latitude, but latitude seems to be the variable which most clearly provides a pas-
sage across the vortex boundary. It can be seen that south of 76°S., the column of
ozone, HCI, and NO 2 all decrease markedly. The ratio of HCI to HF, normally about
5:1 in midlatitudes, approaches unity. Clearly the chemistry of chlorine and nitrogen
are disturbed in the region of low ozone. While dynamical theories could perhaps
explain a reduction of these three gases in the same region, since all are of stratospheric
origin, it is difficult to see how any purely dynamical mechanism could produce the
observed HCI:HF ratio, since the two gases have similar origins. A close look at other
species to be reported as well as the correlation with other measurements, such as CIO
(J. Anderson, private comm.) supports the conclusion that the ozone depletion is a
result of chemical processes which deplete HCI and NO x relative to the midlatitude
situation.
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Figure 1. Latitudinal variation of observed columns of ozone, HCI, and NO 2 on Sep-
tember 21, 1987. The ordinate scale on the right refers to ozone, while the scale on the
left refers to the other two molecules. 0 :ozone; o IICI; A :NO2 '
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Infrared Aircraft Measurements of Stratospheric Composition
over Antarctica during September 1987
G.C. Toon, C.B. Farmer, L.L. Lowes, P.W. Schaper, J.-F. Blavier and R.H. Norton
California Institute of Technology, Jet Propulsion Laboratory,
4800 Oak Grove Drive, Pasadena, CA 91109
The JPL Mark IV Interferometer recorded high resolution, infared solar spectra
from the NASA DC-8 aircraft during flights over Antarctica in September 1987.
The atmospheric absorption features in these spectra have been analyzed to
determine the overburdens of 03, NO, NO2, HNO3, CIONO2, HCI, HF, CH4, N20 ,
CO, H20 and CFC-12. The spectra were obtained at latitudes which ranged
between 64°S and 86°S, allowing the composition in the interior of the
polar vortex to be compared with that at the edge. The figure summarizes
the latitude dependence observed for NO, NO2, HN03, CION02, HCI and HF.
the solid lines South of 65°S are derived from the ensemble of Antarctic
measurements. The values at 30°S were observed on the ferry flight from
New Zealand to Hawaii. The dashed lines connecting the two have been
interpolated across the region for which we have no measurements. The
chemically perturbed region is seen to consist of a "collar" of high HNO 3
and CIONO 2 surrounding a "core" in which the overburdens of these and of HCI
and NO 2 are very low. Clear increases in the overburdens of HF and HNO 3 were
observed during the course of September in the vortex core. HCI and NO 2 ex-
hibited smaller, less significant increases. The overburdens of the tropospheric
source gases, N20 , CH4, CF2C12, CO and H20 , were observed to be much smaller
over Antarctica than at mid-latitudes. This, together with the fact that HF
over Antarctica was more than double its mid-latitude value, suggests that
downwelling has occurred.
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Infrared Measurements in the String 1987 Ozone Hole
F. J. Murcray, D. G. Murcray, A. Goldman
Physics Department
University of I)enver
Denver, Colovado
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J. G. Keys, W. A. Matthews
Physics and Engineering L_boratory, Lauder
Department of Scientific and [ndustrial Reasearch
Central Otago, New Zealand
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Solar spectra were recorded froI_ Arrival Heights
(McMurdo), Antartica, with the Uni:ersity of Denver FTIR
system (.02 cm -I apodized resolution) during the austral
spring of 1987. Spectra were reco_Tded on 22 days from
September 13 through October 28. The instrument was setup
with 2 detectors for simultaneous :)peration in 2 wavelength
regions: 750-1250 cm -I (HgCdTe) and 2700-3100 cm -I (InSb).
Several stratospheric gases have measurable absorptions in
these regions including HCI, HNO 3, 03 , CIONO 2, and NO 2. The
system is equipped with an automatic solar tracking system
and records data on tape cartridges. A portable personal
computer allows Fourier transforming and initial processing
of some of the data.
The equipment and personnel arrived during WINFLY in late
August. Although the equipment was operational in early
September, the weather prevented observations until
September 13. Data were taken during clear periods until
the drive mechanism failed after the run on October 28.
The HNO 3 gas column amount shows large variations, but no
apparent correlation with stratosFheric temperature. The HCI
column shows a steady increase from 0.9 x 1015 molecules/cm 2
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on September 13 to 1.5 x 10 15 on October 6. McMurdo moved
out of the polar vortex for a few days, and the HCI column
jumped to 2.9 x 1015 by October ii. Although McMurdo moved
back under the vortex, the HCf continued to increase,
reaching 3.4 x 10 15 at the end of the period.
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(_aantitative Observations of t,he Behavior of Anomalous Low
Altitude ClO in the Antarctic _3pring Stratosphere, 1987
R.L.de Zafra, M.Jarar, illo, J.Bar.'-ett, L.L'T:nons, P.Solomon
and A. Parr:.sh _
State University of New Yo'_/, Stony Brook, N.Y.
*also at Millitech Corp, S.Deerfield, Mass.
During the second National Ozone Exped::Ltion we carried o',_tground-based
observations at McMurdo Station Antarctica which resulted in a second season's
measurement of abnormally large amounts of chlorine monoxide in the _ntarctic
spring stratosphere. Our original measurements of 1986, in which the presence of
this anomalous layer was first discovered (F,.L.de Zafra, et al. 1987 and
P.Solomon, et al., 1987), were limited in low altitude recovery of the CIO
mixing ratio profile by the restrictions of the spectral bandwidth (256 MHz)
which was used to measure the pressure-broa_lened ClO emission line shape. Our
1987 measurements were marked by the use of twice the spectral ban/pass employed
the previous year, and allow a better characterization of the CIO mixing ratio
profile in the critical altitude range 18-25 km. In-situ aircraft measurements
of CIO made over the Palmer Peninsula duri_[_ August and September of 1987 by
Anderson, et al. effectively determined the important question of the ClO mixing
ratio profile at altitudes inaccessible to our technique, below -18 to 18.5
km. These flights did not penetrate further than 72°S, however, (vs 78°S for
Mc_ardo) and were thus limited to coverage near the outer boundaries of the
region of severest ozone depletion over Antarctica in 1987, did not reach an
altitude convincingly above that of the peak mixing ratio for ClO, and were not
able to make significant obser%_tions of the diurnal variation of CIO. The two
techniques, and the body of data recovered I_/ each, thus complement one another
in producing a full picture of the anomalou:_ ClO layer intimately connected with
the region of _ntarctic springtime ozone depletion. In this talk we shall
present an analysis of the mixing ratio profile from ~18 to 45 km, the diurr_l
behavior, and briefly comment on the secular- change in CIO over McMurdo Station
during September and early October 1987.
The 1987 Antarctic spring vortex _s n_rkedly more regular in shape and
more closely centered on the pole than in 1986, or in fact during other recent
years. Stratospheric temperatures were also significantly and consistently lower
at the stratopause than in 1986 (Hofmann, e7 al, private commu_nication) and
ozone depletion was more severe than ever before recorded. Conditions at ground
level at McMurdo were rather less stable than in 1986, however, and observations
were hampered by more frequent storms and _/ generally higher tropospheric
opacity due to higher ground t_mperatures a_ greater water vapor content. Our
observations for 1987 are consequently of shorter overall duration - from
September 8 to October 13 - and more freq,_ently interupted or rendered of poorer
quality by marginal observing conditions th_n in 1986. We shall concentrate our
attention here on data taken over the peric_:i Sept. 20-24 for a detailed
discussion of the mixing ratio profile,the peak mixing ratio for ClO, and the
diurnal behavior. Some conclusions will be drawn with respect to the secular
trend during the period from Sept.8 to Oct. i3, using data in blocks averaged
over several days each.
We employ high-resolution spectral me_:,'_rements of the pressure broadened
line shape and intensity of the 278 GHz (i. i[mm) rotational emission line of
C/O, using a cryogenically cooled ram-wave heterodyne receiver coupled to a
filterbank spectrometer having 512 contiguo_is channels of 1 MHz bandwidth each.
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The pressure-broadening coefficient for the 278 GHz line of ClO is about 3
MHz/mb (hwhm for a Lorentzian lineshape) so that well-resolved line shapes can
be measured over an altitude range of -17 to 45 km (or -80 to i mb, with
respect to the antarctic pressure profile). The sum of emission line intensities
over all contributing stratospheric layers yields a pressure-broadened
non-Lorentzian line shape which can be deconvolved against measured pressure and
temperature profiles to recover a mixing ratio profile for ClO or any other
detected species. The accuracy with which this can be achieved depends
critically on the signal/noise ratio of the data, and also varies with altitude
and with the actual mixing ratio profile. Discussion of the accuracy with which
mixing ratio profiles may be retrieved from our 1987 data, for the prevailing
conditions, is covered in a companion paper at this workshop (P. Solomon, et
al. ).
Deconvolutions are carried out by a modified Chahine-Twcmey algorithm, in
which an initial mixing ratio profile is iteratively modified to yield
successively better fits between the resu/ting synthesized line shape and the
experimental data. This proceedure decreases rapidly in sensitivity at low
(<-18 kin) and high (>~45 km) altitudes: for this reason, we have chosen to
assume an upper limit of 0.3 ppbv for the ClO mixing ratio at 15 km, in
approximate agreement with in situ ER-2 aircraft measurements, to assist in
achieving a reasonable lower altitude profile for the work presented in this
paper. The assumption of one-third this value at 15 km has a negligible effect
in altering the resultant retrieved profiles. Above 15 km, the profiles are
determined by the deconvolution process. The effect of choosing different
initial profile shapes between 15 and 25 km on the final retrieved profile has
also been explored and is discussed elsewhere (P.Solomon, et al., this
workshop): to _ize, maximum mixing ratio and the altitude at which it
occurs are altered by no more than 20% and 10% respectively by the use of
initial mixing ratio profiles differing by as much as a factor of 5.
Our result for the mid-day mixing ratio profile for the period Sept. 20-24
is shown in Fig. ib, retrieved from the emission lineshape shown in Fig. la. The
mixing ratio profile is strongly separated into two distinct layers, a 'normal'
high altitude component peaking around 37 km, and an anomalous low altitude
layer never seen at tropical or mid latitudes, and exhibiting a mixing ratio in
excess of I00 times that normally found (Brune, et al., 1988) at mid latitudes
in this altitude range . This anomalous low altitude component is responsible
for the broad wings in the lineshape of Fig. la.
We find the peak mixing ratio to be 1.8 (+.5,-.9) parts per billion by
volume and to occur at an altitude of 19 + 1 km. The vertical column of ClO from
15 to 27 km derived from the profile of Fig.lb is 2.1 + 0.5 x lolS/cm 2. The
error margins quoted here are intended to include both uncertainties in
intensity calibration (-12 _) and deconvolution accuracy.
The low altitude component shows a strong diurnal dependence, as exhibited
in Fig. 2, where data for Sept. 20-24 has been averaged and binned in 2-hour time
blocks starting 2 hours before dawn (defined at 20 kin) and ending 6 hours after
sunset. (The smooth curves fitted to the data are synthesized from mixing ratio
profiles obtained by deconvolution for the mid-day intervals and by trial
lineshape fitting for the remaining intervals ,where diminishing S/N ratios
provide less reliable deconvolution results. ) The high altitude component of CIO
is seen to persist throughout the night (about 8 hours duration) with diminished
intensity, while the low altitude component appears to drop below the level of
detectability by sunset and does not detectably reappear until the time interval
2-4 hours after slinrise, after which it shows a very rapid increase to midday.
In Fig.3 we exhibit a time progression of mixing-ratio profiles consistent
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with the synthesized lineshapes (smooth curves) of Fig.2. In this plot, the
vertical lines mark the midpoints of the twc:-hour time intervals into which the
data was binned. (But note that the mid-day block, as in Fig. 2, contains all
data taken at /east 6 hours after sunrise and at least six hours before sunset.
This block is ~ 4 hours in length). In Fig. 4, the integrated vertical column
density obtained from the profiles of Fig.3 between 15 and 27 km are sh_4n as a
function of time. The error bars reflect the range of values obtained from
mixing ratio profiles giving equally good fits (within a chosen quality factor)
to the lineshape measurements of Fig.2. Meaningful models of antarctic chlorine
chemistry must meet the constraints imposed by these observations. These results
are in qualitive agreement with recent diurnal modeling reported by Salawitch,
et al. (1988), but do not allow any clear choice between various BrO and CIO
reactions proposed in that work.
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Fig.2. Data from 9/20-24/88 averaged
into try-hour time bins counting
forward from dawn and backward from
sunset. "a" is -2 to 0 hrs before
dawn, "b" is 0 to 2 hrs after dawn,
etc. "h" is sunset to 2 hrs before,
"g" is -4 to -2 hrs from sunset, etc.
"e" is midday block ~ 4 hrs long,
starting 6 hrs post-dawn and ending 6
hrs pre-sunset (dawn and sunset at 20
km). Smooth curves are synthesized
linefits generated from recovered
vertical profiles.
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DAYTIME ClO OVER McMURDO IN SEPTEMBER 1987:
ALTITUDE PROFILE RETRIEVAL ACCURACY ,/
J.Barrett,P.Solomon, M.Jaramillo, R.deZafra, A.Parrish °, and L.Emmons
State University of New York, Stony Brook, NY
*also at Millitech Corp., South Deerfield, MA i
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During the 1987 National Ozone Expedition, ram-wave emission line spectra of the
278.6 GHz rotational stratospheric ClO were observed at McMurdo Station, Antarctica
(dcZafra et al., these proceedings). The results confirm the 1986 discovery (deZafra et al.,
Nature 328, 408, 1987; Solomon ¢t _., Nature 328, 411, 1987) of a lower stratospheric
layer with ._100 times the normal amount of ClO; our 1987 observations, made with a
spectrometer bandwidth twice that used in 1986, make possible a more accurate retrieval
of the altitude profile of the low altitude component of stratospheric ClO from the pressure
broadened line shape, down to ,_16 kin. The accuracy of the altitude profile retrievals is
discussed, using the "daytime" (09:30 to 19:30, local time) data from 20 to 24 September,
1987 as an example. The signal strength averaged over this "daytime" period is ,_85% of
the midday peak value. We also discuss the rate of ozone depletion implied by the observed
CIO densities.
Figures 1 & 2 show the derived C/O profile tn units of mixing ratio and number
density respectively. For the initial guess at the altitude profile required by the deconvo-
lution algorithm, we used a constant 0.5 ppbv at altitudes above 18 kin. Below 18 kin,
wc assumed that the C/O mixing ratio declined rapidly as found in the in 8itt_ aircraft
measurements (NASA Press Release, October, 1987) over the Palmer Peninsula durizlg
August and September, 1987.
The distribution is bimodal with maxima at 19 km and at about 30 kin. The un-
certainty in the derived profile is much greater for the upper stratospheric CIO, which
depends on the intensities over narrow frequency intervals near the line center, while the
lower stratospheric mixing ratio depends on intensities averaged over wide frequency in-
tervals in the spectral line wings. In this paper we will focus on the lower stratosphere,
which is the location of the Antarctic ozone depletion.
The sources of error include 1) system calit_ratlon, 2) statistical noise in the data, 3)
baseline curvature due to variations in instrumental response across the spectrum, 4) the
effect of the initial guess on the retrieved profile and 5) the bias introduced by th_ retrieval
technique.
1) The instrumental calibration has an uncertainty of +12%. Since this results in an
uz_certainty in the overall scaling of the profile which is independent of altitude, we have
not included it in the error bars in Figures 1 & 2.
2) The largest errors, particularly in the upper stratosphere, are from the statistical
noise in the spectral line data. Monte Carlo tests of the retrieval algorithm were carried out
to determine the magnitude of the expected errors. The noise-free spectral line shape that
131
would be observed if our derived altitude profile were the actual ClO profile was calculated.
Gaussian noise at the same level as that in our data was then added to this line shape, and
the result fed into the deconvolutlon algorithm to produce an output profile. This was done
many times, with different noise spectra added, producing an ensemble of output profiles.
Figure 3 shows the the two profiles from this ensemble which give the extreme high and
Jew values of the ClO mixing ratio at 20 ks. This ensemble was analyzed statistically,
and the error bars in Figures 1 & 2 represent plus and minus twice the standard deviation
(95% confidence interval) obtained in this analysis.
3) As can be seen in Figure 4, the spectral llne appears symmetrical with little evidence
of baseline curvature. It is possible to derive altitude profiles using only the low frequency
or only the high frequency side of the llne. These are shown in Figure 5, along with thc
profile derived using the whole line (which also appeared in Figure 1). The differences are
very small for the lower stratosphere, conlistent with those expected just from differing
statistical noise in the two sides of the spectrum.
4) We have found that within a wide range of initial guesses at constant mixing ratio
(0.1 to 1.0 ppbv from 16 to 50 ks), the retrieved profile varied only slightly and the
possible errors were small compared to those from statistical noise. The effect of the fixed
ClO mixing ratio below 15 km is also small, providing that the true mixing ratio at 14 km
is less than that of the peak.
5) In interpreting the altitude profile we note that the retrieval cannot recover any
small scale layering in the CIO profile. We have carried out Monte Carlo tests to determine
the accuracy with which the retrieval algorithm can recover model altitude profiles of
varying width from the corresponding spectral line shapes with noise added; these show
that if the layer is at least 6 km thick (full width at half maximum), the thickness will
be successfully recovered. We find that the CIO layer over McNIurdo has half of the peak
mixing ratio at 16 and 23 km or a thickness of 7 ks. (see Figure 1).
In the lower stratosphere, the peak daytime CIO mixing ratio is 1.55 ± 0.3 ppbv,
centered at an altitude of l0 R: 1 ks, falling to half peak at 16 and 23 ks, and falling
below 0.3 ppbv above 24 ks. Thus, during the day, a half of the available chlorine is in the
active form, C/O. For the purposes of determining the ozone depletion rate due to chlorine
it ismore convenient to look at the ClO density profilein Figure 2. This shows a layer
ccntered at 18 ks, with a peak density of IOlO] - 2.9 x 10_ cm -_, and extending from 22
km at the top down to about 15 ks. The altitudeof thislayer corresponds very closelyto
the altituderange of ozone depletion found above McMurdo during the same time period
(Hofmann et al._Preprint, January, 1988)_ which shows strong ozone depletion extending
from 15 to 22 ks.
These very high ClO densitiesare favorable for a depletion mechanism which depends
on the square of the CIO density (Molina and Mollna, J. Phl/8. Chem. 91, 433, 1980),
In thismechanism the rate limiting step is the formation of the C/O dimer through the
reaction:
ClO + ClO + M _ Cl_02 + M
If we assume that the preferred destruction channels of Cl=O= release two free chlorine
atoms, either by photodissociation or thermal decomposition, then the rate of ozone de-
struction is twice the rate of formation of the CIO dimer. Letting tt/2 be the ozone half
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Figure i. 20- 2,1 SEPT, 1987.
AVERAGE DAYTIME CIO.
life, K be the rate constant for the dimer formation and MR(Oz) the mixing ratio of
OZOIle I
o.e9MR(03)
q/'= 2 x ]cto]2
Using K = 6.1 x 10 -s2 crees -1 (Hayman et eL, GR/, 13, 1347, lgss), IClO]= 2.9 ×
I0 ° cm -s and/M'R(Os) = 1.5 x I0 -e gives tl/_ := 1.0 x 10 6 seconds. Since the_e numbers
are representative of the twelve hours of daylight, the actual time scale for the ozone
depletion is
t,12 = 23 d_ya
This time scale is also in approximate agreement with observed rate of ozone depletion.
These CIO observations thus demonstrate that both the altitude and rate of ozone
depletion can be accounted for by chlorine acting through the ClO dimer mechanism.
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An FTIR Spectrometer for Re1_1ote Measurements of
Atmospheric Composition _-_ C,
C.B. Farmer, P.W. Schaper, G.C. Toon, J.-F. Blavier, _ "_
G. Mohler and D. Petterson, Jet Propulsion Laboratory,
California Institute of Technology. Pasadena, California 91109
Abstract
The JPL Mark IV interferometer, an infrared Michelson interferometer, was
built specifically for recording high re_;olution solar absorption spectra
from remote ground-based sites, aircraft and from stratospheric balloons.
The instrument is double-passed, with one fixed and one moving corner
reflector, allowing up to 200-cm of optical path difference (corresponding
to an unapodised spectral resolution of 0.003 cm-l). The carriage which
holds the moving reflector is driven by a flexible nut riding on a lead
screw. This arrangement, together with the double-passed optical scheme,
makes the instrument resistant to the effects of mechanical distortion
and shock.
The spectral range of the instrument is covered by two liquid nitrogen-
cooled detectors: an InSb photodiode is used for the shorter wavelengths
(1.8-5.5 #m, 1,800-5,500 cm -I) and a HgCdTe photoconductor for the range
(5.5-15 _m 650-1,800 cm-l). For a single spectrum of 0.01 cm -I resolution,
which requires a scan time of 105 seconds, the signal/noise ratio is typic-
ally 800"1 over the entire wavelength raI_ge.
• I
!
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Temporal and spatial distribution of stratospheric trace '_ 0 "_gases over Antarctica in August and September, 1987 (^
M. T. Coffey and William G. Mankin _ '_
National Center for Atmospheric Research* /
P. O. Box 3000, Boulder, Colorado 80307
There have been a large number of suggestions made concerning the origin
of the Antarctic "ozone hole" since its discovery by Farman et al. (1985); these
have included suggestions that it is related to changes in polar meteorology,
changes in stratospheric chemistry, or changes in the solar input, or combinations
of these effects. Supporting or refuting these theories requires a wide variety of
data for comparison with the predictions. In August and September, 1987, a field
observation expedition was made over Antarctica from a base in Punta Arenas,
Chile. Two aircraft, an ER-2 with in-situ instruments flew at altitudes up to 18
km measuring ozone, water, CIO, BrO, NO x, particles, and meteorological param-
eters in the ozone layer. A DC-8 flew at altitudes of 10-12 km, below the ozone
layer, using remote sensing instruments for measuring composition and aerosol
content of the ozone layer, as well as in-situ instruments for measuring composi-
tion at aircraft altitudes.
The observation of a number of chemical species and their correlation with
each other and with meteorological parameters gives a useful set of data for com-
parison with various theories. Infrared spectroscopy is a particularly valuable
observational technique for this purpose as it can measure with good sensitivity
and time resolution and can measure a large number of chemical species simul-
taneously. Two high resolution infrared spectrometers were among the instru-
ment complement on the DC-8. Our experiment, described in greater detail in
the accompanying paper, enabled us to determine the total column above the
flight aircraft of ozone, water, methane, nitrous oxide, nitric oxide, nitrogen diox-
ide, nitric acid, hydrochloric acid, hydrofluoric acid, chlorine nitrate, and several
other species. Many of these were measured nearly in real time. Plots of the
geographical variation of these species on various flights enables us to see how the
concentration of these constituents varies inside and outside the vortex, as well as
to see the temporal development of their concentration during the late winter
and early spring. It is especially interesting to look for changes after mid-
September, when the stratosphere began to warm above the temperatures for
condensation of water and nitric acid at stratospheric concentrations.
Figure 1 shows samples of our data for three chemical species for two days
late in the mission. We shall show similar results for other observed species
throughout the whole mission, along with midlatitude results for comparison.
The correlation of these measurements with the meteorological situation will be
considered.
*The National Center for Atmospheric Research is sponsored by the National Science Foundation.
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Farman, J.C., B.G. Gardiner, and J.D. Shanklin, 1985: Large losses of total
ozone in Antarctica reveal seasonal CI()x/NO x interaction. Nature, 815, 207.
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MEASUREMENTS OF OZONE IN THE ANTARCTIC REGION
DURING AUGUST AND SEPTEMBER OF 1987
Walter L. Starr and James F. Vedder ,L_ C
NASA Ames Research Center £,
Moffett Field, California
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Mixing ratios are presented for ozone in the austral polar atmosphere during August
and September of 1987. Since the mid-1970's, there has been a continuing decrease in the
total column abundance of ozone over Antarctica during the late winter and early spring. This
reduction now amounts to about one-half of the historical October mean. The recent
discovery of this phenomenon has stimulated several theoretical and experimental efforts to
understand the mechanisms responsible for the reduction. The results presented here are
derived from an ultraviolet ozone photometer designed and built by NASA Ames Research
Center and installed on NASA's multi-instrumented, high-altitude ER-2 aircraft. This
aircraft carrying 14 instruments participated in a major effort to penetrate the region of
depletion. Data were gathered between latitudes of 53 ° and 72 ° south at pressure altitudes
(U.S. Standard Atmoshere) up to 21 km in a series of 12 flights from Punta Arenas, Chile,
over the Palmer Peninsula. Additional data were obtained between latitudes of 37 ° north and
53 ° south on the 3 flight legs required to reach Punta Arenas from Moffett Field, California,
and on the same return legs to Moffett Field. The photometer is located on the aft section of
the main instrument bay of the aircraft. The air inlet probe protrudes into the airstream at
a location on the right side of the aircraft close to the instrument. The sampled airflow is
driven by the dynamic pressure generated by the aircraft's motion and is vented just aft of
the inlet. The information required for the calculation of the mixing ratio for ozone is stored
in battery backed RAM each second throughout a flight. The pressure altitude, total air
temperature, and Mach number are also recorded by this instrument. A typical flight profile
consisted of a southbound path on the 428 ° K potential temperature surface, a descent to a
pressure altitude of 13.7 km, a climb to 460 ° K surface, and return on this surface. The
mixing ratios for ozone at pressure altitudes above 15 km in the southern part of the flights
were significantly lower than values outside the polar vortex. The observed ozone mixing
ratios indicate the effects of chemistry as well as the effects of the stratospheric polar
vortex. Examples of the distributions of ozone mixing ratios as a function of altitude,
latitude, or time and the relationships to temperature and other trace gases are presented.
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Observations of the diurnal variations of BrO and OCIO
at McMurdo Station, Antarctica (78S) 4 =F_ ."
S. Solomon 1, R. W. Sanders 2, M. A. C_rroll 1, and A. L. Schmeltekopf 1 /
1 Aeronomy Laboratory, NOAA, Boulder, CO 80303
2Cooperative Institute for Research in Environmental Science ICIRES), University of Colorado, Boulder, CO 80309
Observations of the diurnal variations of OC10 and BrO during austral spring, 1987 using
long-path visible and near-ultraviolet absorption spectroscopy are presented and compared to
simplified model calculations. It is shown that care nust be taken to compare model calculations
and measurements along the line of sight of the insma nent. Evening _5.t.ight observations of OC10
are shown to be broadly consistent with current phoochemical schemes, assuming C10 and BrO
levels near 50 mb of about 0.5 ppbv and 7 pptv, respectively, throughout the observing period
from late August to mid-October. Nighttime observations of OC10 obtained using the moon as a
light source display evidence for growth throt::gh the night in late-August, but not in
late-September. Further, the observed morning _'ilight OC10 abundances are in ageement with
model c',dculations in late August, but generally tall below in late September and October.
Observations of BrO in mid-September systematicMly show far greater evening twilight than
morning twilight abundances. It is shown that :he diurnal variations of BrO and OC10 in
mid-September and October can be explained by formation of the BrONO 2 reservoir species at
night, although other reservoir species with comp;_rably long lifetimes could also explain the
observations. If formation of BrONO 2 is the correct explanation for these data, the observations
suggest that NO 2 levels in the antarctic lower stratosphere are on the order of a few pptv or less in
late August, a few tens of pptv in mid-September, and a few hundred pptv in October. Constraints
on the coupled nitrogen-halogen chemistry of the atJstral spring season revealed by the observed
diurnal variability of OC10 and BrO will be discusse_.
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IN SITU OBSERVATIONS OF C_O IN THE ANTARCTIC:
EVIDENCE FOR CHLORINE CATALYZED DESTRUCTION OF OZONE
J.G. Anderson and W.H. Brune
Department of Chemistry
and
Department of Earth and Planetary Science
Harvard University
Cambridge, MA 02138
M.J. Proff tt
NOAA Aeronomy Laboratory
325 Broadway
Boulder, CO 80302
W. Starr and K.R. Chan
NASA Ames Research Center
Mountain View, CA 94043
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Results from a series of twelve ER-2 aircraft iiights into the Antarctic polar vortex are
summarized. These in situ data define the spatial and temporal distribution of ClO as the
aircraft flew at an altitude of --- 18 km from Purta Arenas (54°S latitude) to the base of
the Palmer Peninsula (72°S latitude), executed a rapid descent to _ 13 km, turned north
and climbed back to --, 18 km, returning to Punta Arenas. A general pattern in the ClO
distribution is reported: mixing ratios of approximately 10 ppt are found at altitude in
the vicinity of 55°S increasing to 50 ppt at 60°S. In the vicinity of 65°S latitude a steep
gradient in the ClO mixing ratio is observed. Al a fixed potential temperature, the ClO
mixing ratio through this sharp transition incre:tses by an order of magnitude within a
very few degrees of latitude, thus defining the edge of a "chemical containment vessel."
From the edge of that containment vessel to the :_outhern extension of the flights, 72°S, a
dome of slowly increasing ClO best describes the, distribution. Peak mixing ratios at 18
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km at the southern extension of the flighttrack increased to 1.2 ppbv by 22 September.
This corresponds to approximately 500 times the ClO mixing ratioobserved at comparable
altitudesat midlatitude.
At the southernmost extent of the aircrafttrajectories(_ 72°S latitude)the vertical
scan revealed the followinggradient in ClO mixing ratiowith potential temperature: 1.2
ppbv @ 450°K, 1.0 ppbv @ 440°K, 0.9 ppbv @ 430°K, 0.8 ppbv @ 420°K, 0.7 ppbv @
410°K, 0.5 ppbv @ 400°K, 0.4 ppbv @ 390°K, 0.3 ppbv @ 380°K, 0.25 ppbv @ 370°K, 0.2
ppbv @ 360°K, 0.1 ppbv @ 350°K.
It is demonstrated using data from the firstflights(17, 18 and 23 August) that in
the region of high ClO, poleward of the containment vesselwall, ozone emerges from
the austral polar night largelyunperturbed, with littledistinctionbetween concentration
observed inside(poleward) and outside (equatorward) of the chemical containment vessel
wall. During the firstthree weeks of September, this condition altersdramatically such
that by the flightof 16 September, ozone has dropped by a factor of two within the
chemical containment vesselwith further erosion occurring to the end of the mission on 22
September. Through the wall of the containment vesselwhich clearlydefines the spatial
transition from unperturbed ozone (and low ClO) equatorward to dramatically reduced
ozone (and high ClO) poleward of the vesselwall, both ozone and ClO execute large
fluctuationsin mixing ratio(a factorof2 to 3) on surfacesofconstant potentialtemperature
and in allcases these fluctuationsare strongly negatively correlated.
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Based upon observed concentrations of ClO as a function of latitude, altitude and
time, the rate of ozone removal based on the dimerization mechanism
ClO + ClO ---* ClOOCl
ClOOCl + hv --, C'l + CIO0
ClO0 + M ---* Cl -_ 02 + M
2 x (Cl + 03 --, ClO + 02)
Net : 2Oa --, 30:
is compared with the observed rate of ozone dis_.ppearance. The rate determining step is
taken to be ClO + ClO ---, ClOOCl with a rate of
dlO3l/dt = 2k"[, llclol
A radiative transfer model is used to calculate the "waveform" of ClO as a function
of solar zenith angle which is then normalized t,} the observed concentration of [ClO] to
determine
A03 = 2/ k''lMllClOl dt
for each day from early August through the er_d of the mission. Comparison between
(1) the rate determining step in the above catalytic cycle based on observed IClO] and
(2) the observed rate of ozone loss at the 450°K, 440°K, 430°K, 420°K, 4lO°K, 400°K,
390°K, 380°K, 370°K and 360°K potential temperature surfaces demonstrates that, within
experimental uncertainty, the observed rate of ozcne loss is consistent with the rate limiting
step from the 450°K surface to below the 400°K surface.
We conclude the following:
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1. CIO concentrations define the edge of a chemical containment vessel which mimics
the position of the Antarctic polar votex.
2. Within this containment vessel, ClO concentrations reach 500 times those found at
comparable altitudes at midlatitude. Altitude profile at the southern end of the flight
trajectories show that the ClO mixing ratio is very steep.
3. Ozone emerges from the austral polar night largely unperturbed. However, within the
chemical containment vessel during the first three weeks of September, ozone drops
by a factor of two to three such that a strong anticorrelation develops between ClO
and 03 through the wall of the containment vessel.
4. The observed rate of ozone disappearance equals, within experimental uncertainty,
the rate limiting step of the ClO-ClO dimer catalytic cycle based on observed con-
centrations of ClO.
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Measurements of NO and total reactive nitrogen, NOy,
were made as part of the Airborne Antarctic Ozone Experiment
conducted in Punta Arenas, Chile during August and September
1987. The total reactive nitrogen reservoir includes the
species NO, NO2, NO3, N205, HNO3, and CLON02. The instrument
was located on board the NASA ER-2 aircraft which conducted
twelve flights over the Antarctic continent reaching
altitudes of 18 km at 72 S latitude. The NOy technique
utilized the conversion of component NOy species to NO on a
gold catalyst and the subsequent detection of NO by the
chemiluminescence reaction of NO with ozone. Since the inlet
sample line is heated and the catalyst operates at 300 C, NOy
incorporated in aerosols evaporates and is converted to NO.
NO was measured on two separate flights by removing the
catalyst from the sample inlet line.
The NOy values between 15 - 20 km pressure altitude and
between 53 and 64 S latitude were in the range 8 - 12 parts
per billion by volume(ppbv). The corresponding NO values were
between 0.I and 0.2 ppbv. These values are in reasonable
accord with the results of 2-D models that are zonally
symmetric and incorporate only homogeneous chemistry.
At latitudes near 64 S, large latitude gradients of NO
and NOy were often found. When the aerosol NOy component was
low, NOy values dropped to the range of 0.5 - 4 ppbv within
several degrees of latitude. NO values declined similarly to
levels below the detection limit of -0.03 ppbv. In addition,
the altitude gradient of NOy was small at the highest
latitudes between 15 and 20 km. The latitude region > 64 S
is the center of the polar vortex and the region of
perturbed chemistry as defined by the observed ClO levels.
The discussion of the results will address low NOy
levels as evidence of the systematic removal of NOy from the
stratosphere, the partitioning of residual NOy in the vortex
between HNO3 and CION02, and calculations of the steady
state between NO, 03, and CIO used to determine the abundance
of NO2 and CION02 inside and outside the vortex.
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MIXING RATIOS OF TRACE GASES IN THE AUSTRAL POLAR
ATMOSPHERE DURING AUGUST AND SEPTEMBER OF 1987
James F. Vedder
National Aeronautics and Space Administration
Moffett Field, California
Leroy E. Heidt, Walter H. Pollock, Bruce E. Henry, & Richard A. Lueb
National Center for Atmospheric Research
Boulder,Colorado
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Mixing ratios are presented for a number of long-lived trace gases in the austral polar
atmosphere during August and September of 198;:'. The recent discovery of a 12-year trend
of increasing depletion of ozone over the Antarctic Continent in the spring of each year led to
numerous theoretical interpretations and several ,.;cientific expeditions to the region. The
resulls herein were obtained as parl of a major effort involving penetration of the region of
depletion by NASA's multi-instrumented aircraft. One of the 14 instruments on the high-
altitude ER-2 aircraft collected pressurized air samples between latitudes of 53 ° and 72 °
south at pressure altitudes up to 21 km in a series of 12 flights from Punta Arenas, Chile,
over the Palmer Peninsula. The sampling system, located in the nose section of the ER-2,
has an inlet tube in the free airstream, a metal-bellows air pump, and 14 specially treated
1.61 stainless-steel canisters for containing the pressurized air at 350 kPa. A program-
mable controller activated by a switch in the cockpit operated the sampling system according
to a schedule selected prior to the flight. A typical flight profile consisted of a southbound
path on the 428 ° K potential temperature surface, a descent to a pressure altitude of
13.7km, a climb to the 460 ° K surface, and return on this surface. The location of and the
time interval between samples was determined b_ the scientific goals of a flight. Mixing
ratios for the trace gases were obtained from gas chromatographic analyses of the pressur-
ized air samples. Additional samples were obtained between latitudes of 42 ° and 53 ° south
on arrivat from Puerto Montt, Chite, on August "iS and on departure to Puerto Montt on
September 29. Of the species measured, the mixing ratios for CH4, CO, N20, CF2 CI2,
CFCI3, CH3 CCI3, CCI4, and C2F3CI3 are reported here. Significant changes appear in the
mixing ratios along the flight tracks on constant p3tential temperature surfaces. Changes
also occur from flight to flight. Values for samples at the higher altitudes in the southern
part of the flights are significantly lower than valJes from mid latitudes. The variations in
mixing ratios of these trace gases indicate the pr,:sence, motion, and history of various air
masses in the austral polar atmosphere. The inflJence of the stratospheric polar vortex on
the distribulions is evident. Relationships between these trace species and the gases and
physical parameters measured by others will be ¢iscussed.
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Southern Hemispheric Nitrous Oxide measurements obtained
during the 1987 Airborne Antarctic Ozone Experiment
J.R. Podolske, M. Loewenstein, S.E. Strahan, and K.L. Chan
Nitrous Oxide (N20) is a valuable tool for detecting
air motions in the lower stratosphere. It is well mixed in
the troposphere, and falls off with altitude in the
stratosphere due to photolysis and reaction with O(ID). N20
vertical profiles have been measured over the last decade by
aircraft and balloon instruments, and its global
distribution is fairly well characterized. The chemical
lifetime of N20 is about 150 years, which makes it an
excellent dynamical tracer of air motion on the time scale
of the ozone depletion event. For these reasons its was
chosen to help test whether dynamical theories of ozone loss
over Antarctica were plausible, particularly the theory that
upwelling ozone-poor air from the troposhere was replacing
ozone-rich stratospheric air.
The N20 measurements were made with the Airborne
Tunable Laser Absorptio_ Spectrometer (ATLAS) aboard the
NASA ER-2 aircraft. The detection technique involves
measuring the differential absorption of the IR laser
radiation as it is rapidly scanned over an N20 absorption
feature. Originally designed to measure CO, ATLAS was
modified to measure N20 for this project. For the AAOE
mission, the instrument was capable of making measurements
with a 1 ppb sensitivity, 1 second response time, over an
altitude range of i0 to 20 kilometers.
The AAOE mission consisted of a series of 12 fli@hts
from Punta Arenas (53S) into the polar vortex (approxlmately
72S) at which time a vertical profile from 65 to 45 km and
back was performed. In addition a series of transit flights
between 38N to 53S were made to get broader latitudinal
coverage.
Comparison of the observed profiles inside the vortex
with N20 profiles obtained by balloon flights during the
austral summer showed that an overall subsidence had
occurred during the winter of about 5-6km. Also, over the
course of the mission (mid-August to late September), no
trend in the N20 vertical profile, either upward or
downward, was discernable, eliminating the possibility that
upwelling was the cause of the observed ozone decrease.
Throughout the mission, significant latitudinal gradients of
N20 on isentropic surfaces were observed. These will prove
useful in understanding the extent of lateral mixing air
into and out of the vortex. An average N20 distribution for
austral winter-spring will be presented.
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"OBSERVATIONAL RESULTS OF MICROWAVE TEMPERATURE PROFILE MEASUREMENTS
FROM THE AIRBORNE ANTARCTIC OZONE EXPERIMENT"
_ _
•" 4
3r-L,ce L. ,3.r,
Jet _-opL,,lsion Laboratory; Ca!ifor_ i,- !n_:itu, t_ ,:{ -rechn-,!co,'
INTRODUCTION
The Microwa,,e Temperature Pr:fi!er, I_T '. c- _-:_a',_ o-, ..'_,p,_s ....
aircraft. MTF' measures profiles o" _:i,-t__mo_=r.:;:ur_ .,eFSLiS 3'_itu, de. 7-:,-
peratures are obtained ever,/ ._J., -:__cor= .:_;- t5 .-._:_uJ_= .n __n _it _'__de
region that is approximatel; 5 km thick (:.t h_gh flight ievels]. NTP is a
passive microwave radiometer. :pe'---,ting_:: the ;,-eO,_ie._,cies57.] and _ 3 ....-
Thermal emission from ox,,L_en =.,oieCL',I_spr,_'vioes the s_onal that i : con.__=:-te_
to air temperature. MTF' ie t_nioue., in that :,t i-_ the only airbo_-r,e inztru -
ment of its kind.
The MTP instrument _as used d_ring the A rborne Antarctic Ozone Experiment,
AAOE, to enable "potential vor:Icity" to Oe measured along the flight track.
Other uses for the fITP da_a have be:ome aofaren_. The most intriguing unex-
pected use is the detection and characterization of mountain waves that were
encountered during flights aver the Palmer F_eninsula. These and cther obser-
vations will be descrioeO.
._RATURc PROFILESALTITUDE TEMP p' '_
The MTP's basic observational product is air temperature at 15 altitudes
every 13.7 seccnos, as illustrated below:
15:41:01 15:,M.:16 15:41:29
646-71.9 646-?2.6 646-72 • 3
iiiiiiiill--- iii::.......... :::::::::::::::::::::::
Figure I. A sequence of 3 altitude tempereture profiles.
The above profiles were taken during level _!ignt at 64,600 feet (pressure
altitude). The temperature scale is 0.2Z K/column. The altitude icale ex-
tends from 6200 feet below to 9500 feet abc.,e flight le,xel. Pressure _,i-
titudes, in km, are shown on the right. Below the time blocks are flight
level (in units of 100 feet) and out_ide ai_- temperature [degC]. This figure
shows that the aircraft is fl,.ing wiE_hin _n inversion layer .that is 5?00 feet
thick and is about 1.4 degC warmer c_t "_he tea than at the bottom. Slow
changes in inversion layer properties are Evioent.
LAPSE RATE AND POTENTIAL VORTICITY
From the altitude temperature profiles it is possible to calculate lapse
rate, dT/dz, by comparing temperatures at altitudes above and below flight
level. This parameter can be converted to potential temperature lapse rate,
d(theta)/d(pressure), using standard equations. Potential temperature is
defined as: theta = T*(1000mb/pressure)^.286, where T is air temperature [K].
Potential vorticity is the product of potential temperature lapse rate and
horizontal wind gradient (to first order). The ER-2's Meteorology Measurement
System, MMS, measures wind vector versus time. Combining observations of MTP
and MMS thus enables potential vorticity to be calculated. Potential vor-
ticity is a conservative property of air parcels on suitably short tim_scales;
hence, it can be used as a constraint on scenarios for the recent history of
air parcels.
An inspection of potential temperature lapse rate versus latitude, for
flights which penetrated into the volume of air with high chlorine monoxide
and low ozone, failed to show a noticeable change at the boundary. An
analysis described elsewhere (Hartmann et al, 1988), which uses the MMS and
MTP combined data sets for a calculation of potential vorticity versus
latitude, does show a correlation with penetration into the ozone hole.
POTENTIAL TEMPERATURE CROSS-SECTIONS
Each altitude temperature profile can be converted to a profile of poten-
tial temperature. Interpolations can be made for deriving altitudes of poten-
tial temperature surfaces. A time series of such potential temperature sur-
face altitudes can be used to create "potential temperature cross-sections."
8?._.22
Pot Temp
1600 1610 16aO 1630
Figure 2. Potential temperature cross-section for a mountaln wave encounter,
1987 September 22. Altitude [km] is indicated on the left, UT times below.
]52
In the above figure the pressure altitLdes for selected potential tempera-
tunes are plotted with coded symbols. T'_e500 K altitudes are plotted with
large squares. Hand-fitted lines are shownfor pctential temperature surfaces
at 10 K intervals. The extra trace, at about 20 km (or 457 K), is the ER-2's
flight level. Note the flight level excur_ions, at 1615 to 1620 UT, caused by
down- and up-drafts.
MOUNTAIN WAVE ENCOUNTERS
Potential temperature cross-sections shc,w "waves" of some amplitude and
period almost all the time. Generally, wave amplitudes are less than 200
meters, peak-to-peak, and their wavelength_ are longer than 100 km. On 12 oc-
casions waves were encountered that differed in 3 ways: they had higher
amplitudes (200 to 1200 meters), much sh._rter wavelengths (typically 20 km),
and they existed at all altitudes sampled 18 to 23 _m, typically).
An analysis of the location of the air, raft when these high amplitude,
short period waves were encountered show_ that they always occurred over the
Palmer Peninsula. An analysis was made of the likelihood of encountering
these waves for each of the regions where several overflights occurred. The
waves were encountered at the south end of Palmer Peninsula 64% of the time.
The northern half of the peninsula had an encounter probability of 30%.
Flights were not made near the eastern eO_e of the peninsula because the
pilots noted wave clouds in those regions.
On 3 consecutive flights, September '0, 21 and 22, a short period wa_e
group was encountered at approximately the same location on both the outbound
and inbound legs of the flight. Presumabl_ this was the "same" wave that per-
sisted for at least 3 days. It may have lasted longer, since the 22rid was the
last flight over the Palmer Peninsula.
It is reasonable to conclude, base J on the strong correlation of high
amplit,Ade waves of short period with underlying topography, that the entire
Palmer peninsula was producing mountain waves; and that the mountain wave
production rate was ranged from at least _0% at the north end to at least 64%
at the south end.
It is noteworthy that these waves extended from the lowest altitudes
sampled by the MTP instrument to the highrst. Figure 2 shows the highest
amplitude wave encountered, and it's a,_plitude i_ 1.2 km at the highest al-
titudes. Mountain wave theory predicts that wave amplitude should increase
with altitude in accordance with the reciprocal of the square root of air
pressure. On average, the waves encountered over Palmer Peninsula obey this
relationship.
IMPLICATIONS FOR OZONE HOLE
Mountain waves that propagate into the polar vortex may have implications
for the formation of the ozone hole. Upw,rd excursions of air parcels lead to
a brief cooling. This can begin the proc,_ss of cloud formation. It is impor-
tant to determine how much additional for_atlon of polar stratospheric cloud
(PSC) material is possible by the passage of air parcels through a mountaln
wave pattern that endures for long period_. Other mountain _ave effects have
been suggmsted, such as a speeding up of he vortex, and _ consequent cooling
of large air volumes (which in turn might add to F SC production).
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PHOTOCHEMICAL TRAJECTORY XODELLING STUDIES
OF THE 1987 ANTARCTIC SPRING VORTEX
J.Austin, R.L. Jones and D.S._cKenna
Meteorological Office,
London Road,
Bracknell,
Berks.,
RGI2 2SZ.
÷
Simulations of Antarctic ozone photochemistry performed using a
photochemical model Integrated along air parcel trajectories are described.
This type of model has a major advantage at high latitudes of being able to
simulate correctly the complex interaction between photolysls and
temperature fields, which, because of the polar night cannot be represented
accurately in a zonally averaged framework. Isentroplc air parcel
trajectories were computed using Meteorological Office global model
analyses and forecast fields from positions along the ER2 flight paths
during the Airborne Antarctic Ozone Experiment in Austral Spring 1987. A
photochemical model is integrated along these trajectories using the
aircraft observations to initialise constituent concentrations. The model
was adapted from Austin etal. (1987a) and includes additional reactions of
the CIO dlmer and also bromine reactions, which are thought to play a
significant role in Antarctica (McElroy et ai.,1986 ; Mollna and
Nolina, 1987 ). The model also includes heterogeneous reactions (Solomon et
al., 1986) which are invoked when the air parcel passes through a polar
stratospheric cloud (PSC). The existence of a PSC is determined throughout
the course of the model integration from the parcel temperature and the
saturated vapour pressure of water over an assumed H=O/HN03 mixture (Toon
etal., 1986). The air parcel temperature is used to determine the
saturated vapour pressure of HNO_ over the same mixture. Mixing ratios
which exceed saturation result in condensation of the excess in the model
and hence lead to a reduction of the amount of _as Dhasc NOv available for
chemical reaction.
In the paper, modelled and observed constituent concentrations outside
and within the chemically perturbed region of the vortex are compared.
Figure i shows examples of 6 day trajectories starting on 4 Sept 1987, at
latitudes 58S and 72S. The arrows denote the date at OGMT and the crosses
indicate the locations of PSCs encountered along the trajectory. Note that
only the more poleward air parcel experienced a PSC in the model. Figures 2
and 3 show selected species from the chemical model for the two
trajectories as functions of time. The integrations have identical
initialisations, for comparison purposes, and correspond to species
concentrations measured in the chemically perturbed region of the vortex.
Results from the more poleward trajectory show that in the model, the
heterogeneous reactions cause the CIO concentration to become elevated to
levels comparable to that observed within the chemically perturbed region
from the ER2, and to produce a substantial 0:3 depletion of over I% per day
largely through the CIO dimer destruction cycle. However, for the
trajectory starting at 58S (nominally outside the chemically perturbed
region) the O_ concentration levels off after only 4 days of integration,
despite the initial conditions being favourable for 03 depletion.
Further integrations over 80 day trajectories from 1 Aug 1987 are
presented in which the net 0:_ destroying potential of the Perturbed
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chemical region is assessed for different :_ondltlons. The importance of the
level of denltrlficatlon and of the frequency of PSCs in determining the
net 03 depletion is emphasised. Results indicate that given suitable
initial partitioning of the chlorine species, CIO concentrations can
increase during the model integration as observed throughout the AAOE. The
extent to which this is consistent with ot_er (column) observations is
assessed.
References:
Austin et al,
McElroy et al,
Q,J,R.M,S 113, 361-392, 1987.
Nature 321, 759-762, 1986,
Molina and Molina J,Phys,Chem 9i, 433-436, 1987,
Solomon et al. Nature 321, 755-758, 1986,
Toon et al, Geophys.Res.Lett., 13, 1284-1287, 19B7,
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Figure i 6 day Isentropic trajectories cal,culated from UK Meteorological
Office global model analyses initialised on 4 Sept. 1987.. Regions of the
trajectories in PSCs are denoted by crosses
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Temperature and Horizontal Wind Measurements on the ER-2
Aircraft during the 1987 Airborne Antarctic Ozone Experiment,f/
,f ,']q _ _' -
K. Roland Chan, Stan G. Scott, T. Paul Bui _' ,
NASA, Ames Research Center, Moffett Field, California .,
San Jose State University, San Jose, California _
and ' ._"_ D _'_,'
Jon Day \ _ '_,
I.M.I. Incorporated, Palo Alto, California
Abstract
The NASA ER-2 aircraft is equipped with special instrumentation to
provide accurate in-situ measurement of the atmospheric state variables
during flight. The Meteorological Measurement System (MMS) on the ER-2
aircraft is briefly described. Since the meteorological pararmeters
(temperature, pressure, and wind vector) are extensively used by other ER-2
experimenters for data processing and interpretation, the accuracy and
resolution of each of these parameters are assessed and discussed.
During the 1987 Airborne Antarctic Ozone Experiment (AAOE) mission,
the ER-2 aircraft was stationed at Punta Arenas, Chile (53 S, 72 W), and
successfully flew over Antarctica on 12 occasions between August 17 and
September 22, 1987. On each of the 12 flights, the ER-2 aircraft flight plan
was to take off at approximately the same local time, fly southward at a
near constant potential temperature surface, descend and ascend at the
southernmost terminus at about 72 S over Antarctica, and return northward
at either the same or a different constant potential temperature surface.
The measurements of the MMS experiment during the AAOE mission
are presented. MMS data are organized to provide a composite view of the
polar atmosphere, which is characterized by frigid temperatures and high
zonal winds. Altitudinal variations of the temperature measurement (during
takeoff/landing at Punta Arenas and during descent/ascent at the southern
terminus) and latitudinal variations of the zonal wind (on near constant
potential temperature surfaces) are emphasized and discussed.
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Trace Gas Measurements From Whole Air Samples
Collected Over the Antarctic Continent
?
L. E. Heidt. t J. F. Vedder,* W. H. Pollock, t B. E. Henry, t and R. A. Luebt /
' ti-"!.)
-7
ABSTRACT f,!: ('
Whole air samples collected aboard both the NASA DO-8 and ER-2 aircraft as part of
the Airborne Antarctic Ozone Experiment (AAOE) were analyzed in a field laboratory set
up at Punta Arenas, Chile, in August and September, 1987. Mixing ratios obtained from
gas chromatographic analyses of these samples are presented for N20, CFCls, CF2C12,
C2FzCI3, CHsCCIs, CCI4, CH4, and CO. Variations in the mixing ratios of these gases
along the individual flight paths of the aircraft are used as tracers to indicate the history
of air masses over and near the Antarctic continent.(_)
t National Center for Atmospheric Research
* NASA Ames Research Center
(a) Data analysis is still underway; this abstract will be expanded upon completion. For
this reason we would prefer a poster session.
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The Meteorological Measurement System
on the NASA ER-2 Aircraft
Stan G. Scott, T. Paul Bui, K. Roland Chan _J_lNASA, Ames Research Center, Moffett Field, California _-
and _\_
Stuart W. Bowen _v "
San Jose State University, San Jose, California
Abstract
A Meteorological Measurement System (MMS) was designed for the
high-altitude ER-2 aircraft (NASA 706). Through dedicated instrumentation
installed on the aircraft and repeated calibrations, the MMS provides
accurate in-situ measurements of free-stream pressure, temperature, and
the wind vector. The MMS experiment has participated in two major
high-altitude scientific expeditions, the Stratosphere-Troposphere
Exchange Project (STEP) based in northern Australia and the Airborne
Antarctic Ozone Experiment (AAOE) based in southern Chile.
Key MMS subsystems are described. The MMS consists of a dedicated
inertial navigation system (INS), a radome differential pressure system, a
data acquisition system, and air data instrumentation.
The MMS incorporates a high-resolution INS (Litton LTN-72RH model),
which is specially configured and is updated at 25 Hz. The differential
pressure system, consisting of two sets of pressure ports and transducers,
is installed in the ER-2 radome to provide sensitive measurements of the
airflow angles (angle of attack and angle of sideslip). The data acquisition
system was designed to meet aircraft requirements of compactness and
light weight (2 cu. ft, 50 Ib) and for M,w3 req,_lrelnen[s to sample, control,
process, and store 45 parameters (some redundant) at a sampling rate up to
10 Hz. The MMS data are stored both in a tape recorder (20 MB) and a
hermatically-sealed winchester hard disc (10 MB). Special and redundant
instrumentation for temperature and pressure measurements were also
installed on the aircraft.
The operational software was written in MC68000 assembly language
to facilitate preflight checkout, inflight sampling (currently operating at a
5-Hz sampling rate), quick postflight download, and operating utilites. The
software package must accommodate various modes of MMS data: analog and
digital, serial and parallel, synchronous and asynchronous. The application
software was developed in FORTRAN for data conversion, processing,
analysis, diagnostics, and graphic presentation.
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THE PLANNING AND EXECUTION OF ER-2 AND DC-8 AIRCRAFT FLIGHTS
OVER ANTARCTICA, AUCUST AND SEPTEMBER, 1987
A.F. Ttmk
NOAA Aeronomy Laboratory, 325 Broadway, Boulder, CO 80303-3328
R.T. Walson
NASA Headquarters, Wa<hington, DC 20546
E.P. CoiLdon
NASA Ames Research Center, Moffett Field, CA 94035
J.J. Margitan
NASA Headquarters, Wa.<hington, DC 20546
The questions addressed by the mis_ion are stated. The selection of
the payload to provide answers is given. The reasons for the flight
profiles flown are laid out, and the crt,cial role of meteorological
forecasts, both standard and special, i_ explained. A short directory of
each aircraft mission is presented, wit): a diagram of the flight track
relative to the TOMS ozone map for the clay.
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SYNOPTIC AND CHEMICAL EVOLUTION OF THE ANTARCTIC VORTEX
IN WINTER AND SPRING, 1987
A.F. Tuck _--
NOAA Aeronomy Laboratory, 325 Broadway, Boulder, CO 80303-3328
(and other authors/sffiliations)
It is demonstrated that the dynamical evolution of the vortex at least
up to 50 mb is dominated by synoptic scales in the troposphere. In
particular, there is a clear response whem poleward extension of
tropospheric anticyclones from latitudes of 400-50°S to 70°-80°S occurs.
This response is evident in isentropic potential vorticity maps, TOMS ozone
fields and SAM II polar stratospheric clouds.
An important feature of the high latitude southern hemisphere lower
stratosphere is a transition at potential temperatures in the 390-400K
range. This transition, the "vortopause", is clearly marked in aircraft
profiles of 03, H^O, N^O and CIO at latitudes 68°-72°S near the Antarctic
peninsula, and als_ ove_ Punta Arenas (53°S). The transition is evident in
meteorological cross-sections of potentia] vorticity and potential
temperature; above it, the isopleths are n:ore closely spaced than below it.
The aircraft measurements of H^O, 0_, NO , N20 , CIO, and whole air
.... Z .3
data are examlned in "materlal coordlnate: , $ a_d P0' backed up by
trajectory analysis. The evolution of thc_ chemical mixing ratios is
examined in these coordinates as a function of time from mid-August to late
September. Conclusions are drawn about tLe rates of change and their
causes.
The meteorological and aircraft data are examined for evidence of the
following kinds of motion with respect to the vortex: ingress of air aloft,
subsidence, peeling off of air to lower l_:_titudes, and folding of the
vortopause.
Conclusions are presented regarding the evidence for a chemical sink of
ozone above and below 8 - 400K, and whether the vortex has a mass flow
through it, or if the chemical sink operates on a fixed mass of air.
Implications for mid-latitudes are briefly considered in the light of the
conclusions.
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DEHYDRATION IN THE LOWER ANTARCTIC STRATOSPHERE IN 1ATE WINTER AND SPRING
K.K. Kelly, A.F. Tuck, D.W. Fahey
NOAA Aeronomy Laboratory, 325 Broadway, Boulder, CO 80303-3328
M.H. Proffitt, D.M. Murphy
NOAA Aeronomy Laboratory and CIRES, 325 Broadway, Boulder, CO 80303-3328
R.L. Jones, D.S. McKenna
Meteorological Office, United Kingdom
L.E. Heidt
National Center for Atmospheric Research, Boulder, CO 80307
G.V. Ferry, M. Loewenstein, J.R. Podolske, and K.R. Chan
NASA Ames Research Center, Moffett Field, CA 94035
The history of minimum temperatures at 50 and 70 mb is examined from
NMC, UK Met 0 and ECMWF analyses. MSU channel 24 data are similarly
inspected. South Pole sonde data are used to calculate saturation humidity
mixing ratio as a function of altitude and time throughout 1987. Saturation
with respect to ice could be maintained for water mixing ratios of 3.5 ppmv
for a period of about 80 days from mid-June to mid-September. Dehydration
to mixing ratios of i ppmv or less was possible sporadically.
Data from the ER-2 flights between 53°S and 72°S are used in
conjunction with particle size measurements and air parcel trajectories to
demonstrate the dehydration occurring over Antarctica. Water mixing ratios
at the latitude of Punta Arenas (53°S), in conjunction with tracer
measurements and trajectory analysis, show that at potential temperatures
from about 325 to 400K, the dryness (< 3ppmv) had its origin over Antarctica
rather than in the tropics.
Water mixing ratios within the Antarctic vortex varied from 1.5 to
3.8 ppmv, with a strong isentropic gradient being evident in the region of
high potential vorticity gradients.
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TEMPORAL TRENDS AND TRANSPORT WITHIN AND AROUND THE ANTARCTIC POLAR VORTEX ,
DURING THE FORMATION OF THE 1987 ANTARCTIC OZONE HOLE
M.H. Proffitt, J.A. Powell
NOAA Aeronomy Laboratory and CIRES, 325 Broadway, Boulder, CO 80303-3328
A.F. Tuck, D.W. Fahey, K.K. Kelly
NOAA Aeronomy Laboratory, Boulder, CO 80303-3328
M. Loewenstein, J.R. Podolske, and K.R. Chan
NASA Ames Research Center, Moffett Field, CA 94035
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During the 1987 Airborne Antarctic Ozone Experiment an ER-2 high
altitude aircraft made twelve flights out of Punta Arenas, Chile (53°S,
71°W) into the Antarctic polar vortex. The aircraft was fitted with fast
response instruments for in-situ measurements of many trace species in-
cluding 03, CIO, BrO, NOy, NO, H20 and N20. Grab samples of long-lived
tracers were also taken and a scanning mlcrowave radiometer measured
temperatures above and below the aircraft. Temperature, pressure, and wind
measurements were also made on the flight tracks. Most of these flights
were flown to 72°S, at a constant potential temperature, followed by a dip
to a lower altitude and again assuming a sometimes different potential
temperature for the return leg. The potential temperature chosen was 425K
(17 to 18 km) on 12 of the flight legs, and 5 of the flight legs were flown
at 450K (18 to 19 km). The remaining 7 legs of the 12 flights were not
flown on constant potential temperature surfaces.
Tracer data have been analyzed for temporal trends. Data from the
ascents out of Punta Arenas, the constant potential temperature flight legs,
and the dips within the vortex are used to compare tracer values inside and
outside the vortex, both with respect to constant potential temperature and
constant N20. The time trend during the one-month period of August 23
through September 22, 1987, shows that ozone decreased by 50_ or more at
altitudes from 15 to 19 km. This trend is evident whether analyzed with
respect to constant potential temperature or constant N20. The trend
analysis for ozone outside the vortex sho_s no downward trend during this
period. The analysis for N20 at a constant potential temperature indicates
no significant trend either inside or out:_ide the vortex; however, a
decrease in N20 with an increase in latit_de is evident. Small scale and
large scale correlations between differenn trace species have also been
examined. These correlations and the changes in O. and N20 relative to the
polar jet will be discussed as they relate to isen@ropic and diabatic
transport of air within and around the Antarctic polar vortex.
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Small Scale Structure and Mixing at the Edge of the Antarctic Vortex
D.M. Murphy, A.F. Tuck, K.K. Kelly, M. Loewenstein, J.R. Podolske,
S.E. Strahan, and K.R. Chan
Small scale correlations and patterns in the chemical tracers measured
from the NASA ER-2 aircraft in the 1987 AAOE campaign can be used to inves-
tigate the structure of the edge of the polar vortex and the chemically
perturbed region within it. Examples of several types of transport processes
can be found in the data.
Since CIO and 0 R have similar vertical gradients and opposite horizontal
gradients near the cNemically perturbed region, the correlation between CIO and
O^ can be used to study the extent of horizontal transport at the edge of the
c_emically perturbed region. Horizontal transport dominates the correlation
for a latitude band up to 4 degrees on each side of the boundary. This implies
a transition zone containing a substantial fraction of the mass of the total
polar vortex. Similar horizontal transport can be seen in other tracers as
well. It has not been possible to distinguish reversible transport from
irreversible mixing.
One manifestation of the horizontal transport is that the edge of the chemi-
cally perturbed region is often layered rather than a vertical "curtain." This
can be seen from the frequent reversed vertical gradients of nitrous oxide,
caused by air with high nitrous oxide overlapping layers with lower mixing
ratios.
Water and nitrous oxide are positively correlated within the chemically
perturbed region. This is the opposite sign to the correlation in the unper-
turbed stratosphere. The extent of the positive correlation is too great to be
attributed solely to horizontal mixing. Instead, it is hypothesized that
dehydration and descent are closely connected on a small scale, possibly due to
radiative cooling of the clouds that also cause ice to fall to lower altitudes.
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Polar Ozone Workshop Abstract
"Transport into the South Polar "_ortex in Early Spring"
D. Hartmann
University of Washington,
L. Heidt
National Center for Atmospheric Research.
M. Lowenstein, J. Podolske, W.Starr and J. Vedder,
NASA Ames Research Center
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Estimates of the mean circulation and diffusive transport of ozone and other species
into the antarctic polar vortex during the spring of 1")87 are made using data from the
Airborne Antarctic Ozone Experiment. Measurements of long-lived tracers of tropospheric
origin remained relatively constant at the levels of the maximum rate of decline of ozone
during September. At lower levels in the stratosphere some evidence exists to support
intrusions of tropospheric or low latitude air. Given the distribution in latitude and height
of these tracers measured from the ER-2 aircraft, it can be inferred that the Lagrangian or
diabatic mean circulation was zero or downward over Antarctica during the period of the
ozone decline. The observation of a decline in ozone therefore requries a photochemical
sink for ozone.
The magnitude of the required photochemical sink must be sufficient to offset the
transport of ozone into the polar region and produce the observed decline. Quasi-isentropic
mixing and downward motion are coupled and are difficult to estimate from a single tracer.
The full suite of measured tracers and auxiliary information are brought together to provide
an estimate of the rate at which air is cycled through the polar vortex during spring.
Estimates of large-scale transport of potential vortic_ty and ozone from previous years are
generally consistent with the data from the airborne experiment in suggesting a relatively
slow rate of mass flow through the polar vortex in the lower stratosphere during
September.
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The Evolution of AAOE Observed Constituents with the Polar Vortex
M. R. Schoeberl I, L. Lait 2, P. A. Newman 3, R.
M. Loewenstein 4, J. Podolske 4
J. Anderson 5, and
M. Proffitt 6
Martin 3 • q ) L"v!i_
One of the difficulties in determining constituent trends from the ER-2 flight
data is the large amount of day to day variability generated by the motion of
the polar vortex. To reduce this variability, the observations have been
transformed into the conservative (Lagrangian) reference frames consisting of
the coordinate pairs, potential temperature (PT) and potential vorticity (PV),
or PT and N20. The requirement of only two independent coordinates rests on
the assumption that constituent distributions and their chemical processes are
nearly zonal in that coordinate system. Flight data is used everywhere for
these transformation except for potential vorticity. Potential vorticity is
determined from level flight segments, and NMC PV values during flight dives
and takeoffs are combined with flight data in a smooth fashion.
Once the data has been transformed into the conservative reference frames,
least square linear fits are used to determine trends. Using the (PT, N_O)
transformation 03 is shown to decrease on the 440K surface within the po±ar
vortex at a rate of about .06 ppm/day over the mission period. Despite the
general reduction in measurement variance this technique produces, a
significant degree of variance is still present near the "C10 wall" due to the
finite resolution of (PT, N20) coordinate transform processes.
Using the (PT, PV) transformations and all of the flight data composited
together, constituent distributions over a substantial region can be estimated
and then back transformed using the (PT, PV) distribution for any day as
derived from global and/or flight meteorological fields. The result is a
rather complete picture of the Austral polar vortex chemical structure and its
evolution. Sample reconstructions are shown for CIO, 03 and N20 on 9/20/87 in
the enclosed figure.
INASA/GSFC, Greenbelt, MD 20771
2NRC NASA/GSFC, Greenbelt, MD 20771
Applied Research Corporation, 8201 Corporate Dr., Landover, MD
Harvard University, Cambridge, MA
NASA/Ames, Moffett Field, CA
NOAA Aeronomy Lab, Boulder, CO
20785
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Figure Caption
O_K_NAL PAGE IS
OF POOR QUALITY
Reconstruction of the N20 , CIO, and 03 distributions using the (PT, PV)
compositing method. The left hand figures show the constituent observations
using a gray scale. The fluctuating solid line is the flight track. The
faint dashed lines show the NMC potential temperature at 65°W for the day, and
the faint solid lines are isopleths of potential vorticity computed from
NMC. The heavy solid lines show NMC zonal winds. The right hand figure shows
the reconstructed fields using both flight and NMC potential vorticity and
flight winds. The reconstructions use all the data from 12 flights.
Agreement with the observations is good, but sharper features (e.g. the CIO
wall) are washed out to some extent. Reconstructions have been performed for
each flight day and the day after the last flight, 9/23/88.
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PHOTOCHEMICAL MODELING OF THE ANTARCTIC STRATOSPHERE:
OBSERVATIONAL CONSTRAINTS FROM THE AIRBORNE ANTARCTIC OZONE EXPERIMENT
AND IMPLICATIONS FOR OZONE BEHAVIOR
Jose M. Rodriguez
Nien D_k Sze
Malcolm ¥. W. Ko
Atmospheric and EnviroILmental Research, Inc.
840 Memolial Dr.
Cambridge, MA 02139 USA
617-547-6207
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The rapid decrease in 03 column de_sities observed during antarctic
spring has been attributed to several chemical mechanisms involving nitrogen,
bromine, or chlorine species, to dynami,:al mechanisms, or to a combination of
the above. Chlorine-related theories, _n particular, predict greatly elevated
concentrations of C20 and 0C20 and supp_:essed abundances of NO2 below 22 km.
The heterogeneous reactions and phase t;:ansitions proposed by these theories
could also impact the concentrations of HCf, C_N03 and HN03 in this region.
Observations of the above species have been carried out from the ground by the
National Ozone Expedition (NOZE-I, 1986, and NOZE-II, 1987), and from
aircrafts by the Airborne Antarctic Ozo:_e Experiment (AAOE) during the austral
spring of 1987. Observations of aerosol concentrations, size distribution and
backscattering ratio from AAOE, and of aerosol extinction coefficients from
the SAM-II satellite can also be used to deduce the altitude and temporal
behavior of surfaces which catalyze heterogenous mechanisms. All these
observations provide important constraints on the photochemical processes
suggested for the spring antarctic stratosphere.
Results are presented for the concentrations and time development of key
trace gases in the antarctic stratosphere, utilizing the AER photochemical
model. This model includes complete gas-phase photochemistry, as well as the
heterogeneous reactions:
C_N03 + HC_ (ice) ............... > C22 + HN03 (ice) (I)
C2N03 + H20 (ice) ............... > HOC2 + HN03 (ice) (2)
N20s + HC2 (ice) ............... > C/NO_ + HN03 (ice) (3)
N205 + H20 (ice) ............... > 2HN03 (ice) (4).
Heterogeneous chemistry is parameterizcd in terms of surface concentrations of
aerosols, collision frequencies betweeT_ gas molecules and aerosol surfaces,
concentrations of HCf/H20 in the frozeT particles, and probability of reaction
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per collision (V). Values of 7 are taken from the latest laboratory
measurements. The heterogeneous chemistry and phase transitions are assumed
to occur between 12 and 22 km. The behavior of trace species at higher
altitudes is calculated by the AER 2-D model without heterogeneous
chemistry. Calculations are performed for solar illumination conditions
typical of 60 ° , 70 ° , and 80 ° S, from July 15 to October 31.
The final products of heterogeneous processing by reactions (1)-(4) are
very sensitive to the adopted initial concentrations of NO x (NO + NO= + C_N03
+ 2xN2Os), to the adopted rates of (i) (4), and to the degree of
illumination during the processing. We consider four cases representing
different initial conditions for NOx, and different rates for the
heterogeneous processing. These cases illustrate different possibilities for
the behavior of antarctic trace species, given the existing uncertainties and
the constraints placed by available observations. We have concentrated on the
following measurements from AAOE: i) column densities of HC2, NO2, HN03 and
C_NO3 by the infra-red spectrometers aboard the DC-8 aircraft; 2) local
densities of NOY (NO x + HNOs) measured aboard the ER-2 aircraft; 3) local
densities of C20 measured aboard the ER-2; 4) local densities of ozone
measured aboard the ER-2; 5) column densities of ozone from the TOMS
instrument.
Comparison of calculations and observations indicate the following:
• The observed column densities of HNO3 are consistent with mixing ratios of
about 2.5 ppbv below 18 km near 70 °, and of 1.5 ppbv deeper into the
vortex. These values are also consistent with the ER-2 NOY measurement.
• Calculated column abundances of NO2 are about 50% larger than
observations. Since calculations indicate that most of this NO2 is
located above 22 km for the denitrified conditions of antarctic spring,
resolution of this discrepancy requires more careful consideration of
modeling and measurements in this region.
• The calculated column densities of HC2 are generally consistent with the low
values observed, particularly if heterogeneous processing occurs
throughout the month of September.
• Processing by (I) (4) can yield substantial amounts of chlorine nitrate
during August if initial NO x concentrations during winter were of order 2
ppbv at 18 km. Negligible amounts of C2NOs would be produced if initial
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NO x abundances were a factor of two smaller. The high column densities
of C_N03 observed during September could be an indication of C_NOs
formation through reaction with NO_ from photolysis of nitric acid during
this month, or that large amounts ol C_NO3 present in August are not
converted to active chlorine.
• Processing by (I) (4) yields mixing _atios of C_O between 0.4 and I.I ppbv
at 18 km during the early half of S(ptember.
• The decrease in local ozone densities observed by the AAOE instruments can
be explained by chlorine-mediated c_talytic cycles above 15 km. The
C_eO2 cycle contributes about 80_ oJ the calculated reduction, if we
adopt currently accepted values for the formation and photolysis rates of
C_202, and assume that the photolysJs produces molecular oxygen. Since
there are still uncertainties in th_ above, these conclusions are
dependent on future resolution of these issues.
• The calculated behavior of C_O after the end of the AAOE mission depends
crucially on the amount of HN03, it; photolysis rate, and the assumed
duration of heterogeneous chemistry
• The calculated reduction in column ozone between August and October ranges
from 40 to Ii0 Dobson units in the _our cases considered, depending on
the assumed concentrations of NOx, _N03, and the temporal extent of
heterogeneous chemistry. Observations of C_O during late September and
October would further constrain the above estimates.
• Calculated reductions in column ozone at different levels of chlorine
exhibit a non-linear behavior. The calculated reduction accelerates for
chlorine levels comparable to the adopted initial NO x abundances during
winter. Since these abundances also control the amount of processed HCf,
the deepening of the ozone hole slc.ws down for higher levels of chlorine
in the future. Details of this behavior, however, are sensitive to the
adopted HN03 concentrations and rates of heterogeneous reactions,
particularly of (2).
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Decending Motion of Particle and its Effect on Ozone Hole Chemistry
Y. lwasaka
Water Research Institute, Nagoya University, Chikusa-ku, Nagoya 464 JAPAN
Abstract
The descending motion of particles which grow up to a few micrometer under the
cold winter Antarctic stratosphere is also important proce_ to accerelate the effect
of heterogeneous reactions on ozone hole formations.
i. Introduction
In the winter Antarctic stratosphere, a lot of particulate matter was forled
under very cold temperature which decreases to lower than -85° C at Syowa Station (69"
O0'S, 39° 35'E) (e.g., lwasaka et al., 1985; lwasaka., 1986). Some investigators
suggested that the surface of particulate mattercould act as an effective chemical
reaction site for ozone-destruction chemical reaction series (e.g., Solomon eta.,
1985). It was suggested that the excellent correlation of total ozone content with
i00 mb surface temperature during Antarctic spring could be explained if the effect
of the heterogeneous chemical reactions including the aerosols was taken into
consideration (e.g., lwasa/_aand Kondoh, 1987).
Most of previous investigationsdecsribing the effect of the particles on chemical
reactions payed their attention to the surface area of particles or chemical composition
of particles but not the effect of particle descending motion.
The possibility of particle descending in the winter Antarctic stratosphere was
suggested on the basis of eye-observation of stratospheric clouds (Stanford, 1973) and
lidar measurements (lwasaka, 1986). McCormick et ai.(1985) suggested that the descending
motion of the Antarctic aerosol layer observed by SAM II could be associated with a
downward air motion, lwasaka (1986) suggested that the descending motion of the layer
was capable when particles grew to a few micron size aerosols. The particle descending
motion is imporatnt process controlling the redistribution of the chemical species
relating 'ozone hole'
Combination of particle growth, evaporation of particle, chemical adsorption, and
particle settling can play as sink or source of chemical species, and it strongly depends
on a stratospheric temperature distribution.
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Fig. 1, The shaded area means the observed temperature rangeat Syowa Station (69" S,
40° E) in July 1983 (a) and in September (b). Curve a and b are frost point temperature
of pure uater. Curve c and d are frost point of HtiO=-H,O (50% weight) crystal.
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2. Particle Growth
Following points are essential for heterogeneous reactions controlling 'Ozone Hole' ;
I) What kind of gases are used to produce the particulate matter ?
2) What kind of reactions can take place on the surface of particles ?
and What is surface area ?
3) Is there the possibility of particle descending motion ?
Steele et al. (1983) and lwasaka (1986) discussed growth of ice crystal particle
from pre-existing sulfuric acid droplet. In their model, the main gas used to increase
particulate matter was water vapor. However, the lidar measurements additionally
showed meaningful time delay between particulate content increase and depolarization
ratio increase (lwasaka, 1985). Toon et al. (1986), and Crutzen and Arnold (1986)
suggested the possibility that nitric acid vapor condense to solid state HNO_.3H,O
particles. According to Cruzten and Arnold (1986) the condensation can start at higher
temperature (205 + 5° K) than the frost point of water vapor at about lOOmb.
Importance of the point 1) is easily understood comparing the amount of gas used
to form particles with the remaining gas content. For water vapor, about 10% to 40%
of water would be in soI_d (or liquid) state during the most developed phase of PSC's
event. For HN03 the ratio of the amount of particulate matter phase will be extremely
larger than the case of water vapor. Cruzten and Arnold (1986) emphasized that the
depletion of HHO_ alowed a rapid rise of hydroxyl radical consentrations as the
cycle of reactions
OH + NO2 --> nN03 and HN03 + OH --> H20 + NO2
do no longer operate.
The potential influence of surface reactions depends on the surface area of particles,
In Fig. 1, temperature distribution measured in winter at Syowa Station is compared
with the frost point temperatures of water and mixture of HNOa-H20 (50% weight
mixture). These curves suggest that particle production is active near 15km for water
vaour, and above about 15ks for HNOa particles in mid winter.
3. Descending motion of particles
The descending motion of aerosol layer was observed during winter by a lidar at Syowa
Station. The particle size would be about a few micrometer or larger than it if the
descending motion was due to a gravitational sedimentation (lwasaka, 1986). As shown
in Fig. I, the condition of super saturation was not always satisfied for pure water vapor
or nitric acid vapor even in mid-winter if the density profiles in mid-latitudes is
assumed. Therefore the particle which settles to the region of P < P_, where P
and Pz are partial pressure of water vapor (or nitric acid vapor) and saturation
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pressure o_ the vapor respectlvely, evaporates the gases conaensed in the partlcles [here.
lwasaka and Kondoh (1987) showed that ozone depletion rate was largest near 15km
and the second peak was near lOkm and lower than it. The heights of these active ozone
loss region do not correspond to the regio where particle production rate is large and
apparently is lower. In Fig. 2, schematic pict[_re showing the particle sedimentation
effect is given. The desending motion of particles to the region where evaporation
rate is high seems to accerelates the production rate of C12 and CIOH near the
tropopause.
4. Summary
?he particle descending motion is one possible process which causes ozone loss
near the tropopause in Antarctic spring. Howev_r, particle size distribution has not
been measured yet. The particle settle is important redistribution process of chemical
constituents contained in particles. To understand the particle settle effects on 'Ozone
Hole' , informations on the size distribution an(:[the chemical composition of particles
are desired.
U9
"_cxe
Tropopause
t
Ozone Loss
Region
Winter Spring
Fig. 2, The particles grow at the region where l.lrge super saturation occures in winter
descendes to the region where evaporation from plrticles is active in spring.
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VARIATIONS OF TOTAL OZONE IN THE NOR'Ill POLAR REGION AS SEEN BY TOMS
Richard S. Stolarski
Arlin J. Krueger
NASA Goddard Spa,:e Flight Center
Laboratory for Atmospheres
Greenbelt, MD 20771
USA
l,j,_
Data from the TOMS instrument has been used to follow the course
of development of the Antarctic ozone springtime minimum since 1979.
This paper addresses the question of possible norLh polar region changes
which might be deduced from the nine years of TOMS measurements of total
ozone. Total ozone is a much more variable quantity in the northern hemisphere
than in the southern hemisphere. This makes the search for trends more
difficult and the interpretation of results more uncertain. We have
examined the nine-year time series of TOMS data at high latitudes in the
northern hemisphere. Because the TOMS measurements have drifted by 3-4%
with respect to closely colocated Dobson measurements, we have chosen in
this study to adopt the Dobson normalization and adjust the TOMS
measurements accordingly. The accompanying figure shows a .simple
difference between the last two years of the T(IMS record, 1986 and 1987,
and the first two years of the record, 1979 and 1980. The difference is
shown in percent as a function of latitude and time of year. The
Antarctic springtime decrease is clearly seen, as well as a smaller
change which extends to about 50 degrees south latitude at all seasons.
Changes in the northern hemisphere are less dramatic and are
concentrated near the polar night where solar zenith angles are very
large. These data are now being examined in more detail and updated
restllts will be presented at the Workshop.
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WINTER-TIME LOSSES OF OZONE IN HIGH NORTHERN LATITUDES p vi
Neil Harris, University of California, Irvine _ _J •
F.S. Rowland, University of California, Irvine _ i_ _.-i _
Rumen Bojkov, Atmospheric Environment Service, Canad_ _'
Peter Bloomfield, North Carolina State University _ _!_
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Total column ozone data over the past 22-30 years from ground-based
Dobson and filter ozonometer stations between 30°N and 80°N have been analyzed
for residual trends remaining after allowance for the known geophysical varia-
tions corresponding to: (a) the yearly change of seasons; (b) the quasi-
biennial oscillation; and (c) the ll-year solar sunspot cycle. Examination of
the data from several ground stations between 45°N and 55°N indicated a sea-
sonal difference in the long-term ozone series, with statistically significant
losses in several winter months. Accordingly, the data from individual sta-
tions were analyzed with multiple regression analysis, seeking trends on a
monthly basis after allowance for the known geophysical cycles. Previous
statistical analyses have been conducted as tests of one-dimensional model
calculations which do not show any differences with the seasons, and which
therefore any trend toward change in ozone concentrations is expressed in a
yearly trend without seasonal variation. Such a model is inappropriate for
calculations with a data set which exhibits a pronounced tendency toward sea-
sonal differences in the trends. Comparisons with model calculations then re-
quire two-dimensional modets into which seasonal and latitudinal differences
can readily be programmed.
Multiple regressions have been calculated for the ozone data from about
30 individual Dobson stations, and for latitudinal band averages covering four
latitude ranges from 30°N to 80°N. Table 1 shows the magnitude of the resi-
dual linear trends for individual months that correspond to ozone changes in
these bands since 1969 after allowance for the QBO, solar cycle and seasonal
effects. The correlation of ozone change with the QBO is known to be depen-
dent upon latitude and this conclusion is confirmed with the sign change in
Table 1. The ozone response to the solar cycle is as large as 2%, minimum to
maximum. The residual linear trends show a measurable decrease in the annual
average total column ozone of 1.7% to 3.0% in all latitude bands from 30°N to
80°N from 1969 to 1986. The decreases are largest during the winter months
(2.3% to 6.2%) of December through March, and contrast with smaiier changes
(+ 0.4% to - 2.1%) in the summer months of June through August.
The winter/summer differences are especially large in the two most north-
erly bands in Table 1, with winter-time losses appreciably larger than can be
explained by model calculations. An obvious possibility is that the winter-
time losses are enhanced through heterogeneous chemical processes analogous to
those found in the Antarctic ozone hole. The time distribution of such effects
would be quite different in the Arctic because of the difference in meteorology.
In contrast to the tight polar vortex in the south which effectively retains
the same air over Antarctica all winter long, the Arctic air masses tend to
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pass through the polar night and back into sunlight again. Any chemical ef-
fects causing ozone depletion in the Arctic winter air would therefore be dis-
tributed over a much larger total volume of air than in the constricted Antar-
ctic; the much lesser abundance of polar stratospheric clouds in the north,
and the shorter exposure time of individual air masses to the polar night, may
substantially reduce the total amount of ozone depletion induced by such strato-
spheric chemical reactions.
The typical set of Dobson data from a station north of 30°N shows a much
larger standard deviation for the monthly average values during winter months
than in the summer. Treatment of such dats with a multiple regression requir-
ing that all months have the same trend over time for changes in total ozone
emphasizes the less-noisy summer data, and down-weights the noisier winter-
time measurements. The chief consequence or! this statistical circumstance is
that the yearly trend values calculated for a particular set of data show
significantly smaller trends than given by the average of the monthly trends,
as also shown in Table I.
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Table 1
Coefficients of Multiple Regression Statistical Analysis of Re-analyzed
Dobson Measurements of Total Ozone Concentrations Collected into
Latitudinal Band Averages. (Data are expressed in total percent changes
for the period 1969-1986.)
Latitude Band
60-80ON 53-64ON 40-52ON 30-39ON
Month
. . + 1 5January - 7.4 + 2 4 - 8.3 + 2.2 - 2.6 + 2.1 - •
February - 8.9 + 3.7 - 6.7 + 2.8 - 5.0 + 2.2 - 1.2 + 1.9
March - 3.2 + 1.6 - 4.0 + 1.4 - 5.6 + _._ 3 - 3.5 + 1.9
April - 1.8 _ 1.6 - 2.0 +" 1.4 - 2.5 _" 1.7 - 1.7 _" 1.3
May - 2.9 + 1.1 - 2.1 + 1.2 - 1.3 + 1.1 - 1.7 + (3.9
June + 0,2 + 0.9 + 1.1 + 0.9 - 1.8 + 1.0 - 3.3 + 1.0
July 0.7 +_ 1.0 + 0.0 + I I - 2. + 1 0 - I 3 _ 1.0
--.4 + 1 0August + O. I + 1.0 + 0._ + 1.2 - . 1.0 + 1.0
September - 0.3 + 1.1 + 0.2 + 1.1 - 2.9 + 1.0 - 1.0 + 0.9
October - 0.6 _ 1.8 - 1.1 + 1.2 - 1.5 _ 1.5 - 0.9 _ 0.8
November + 1.3 + 2.1 + 1.5 + 1.8 - 2.4 + 1.3 - 0.1 + 0.8
December - 5.4 + 2.9 - 5.8 + ._ 3 - 5.5 + 1.7 - 2. 1 + 1. 1
Annual Average - 2.7 + 0.9 - 2.3 + 0.7 - 3.0 + 0.8 - 1.7 + 0.7
Winter Average - 6.2 + 1.9 - 6.2 + 1.5 - 4.7 + 1.5 - 2.3 + 1.3
Summer Average - 0.1 + 0.9 + 0.4 + 0.8 - 2.1 + 0.7 - 1.9 + 0.8
QBO* - 2.2 + 0.6 - 2.0 + 0.6 - 1.3 + 0.6 + 1.9 + 0.6
Solar* + 2.0 + 0.6 + 1.8 + 0.6 + 0.8 + 0.7 + O. 1 + 0.6
* Percent changes per cycle, minimum-zo-ma_i,,,um. All uncertainties are
expressed with one sigma statistical significance
Average of Monthly Ozone Trends in Dobson Units per year and Percent change
in 17 Years:
- 0.57+0.20 - 0.52+0.16 - 0.63+0.17 - 0.32+0.14
- 2.7+0.9 - 2.3+0.7 - 3.0+0.8 - 1.7+0.7
Uniform Trend in Ozone Change Assumed throughout the year, in Dobson Units
per year and in Percent Change in 17 years):
(- 0.17+0.15) (- 0.14+0.13) (- 0.47+0.13) (- 0.17+0.11)
(- 0.8--+0.7) (- 0._+0.6) (- 2.3+0.7) (- 0.9+0.6)
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Qbservations of s_ratonheric_aouree aaa nro_tles / i/
,d,ur_na t, ha_Lr©tlc_Wlnter ../. _-
U. $chmidt, R. Bauer, O. Kuleasa, E. Klein, and B. Schubert
XernJorschun_sanlage J_lich, Institat f_r At=ospharische Che_ie
P.O. Box 19130 D-_IT0 J_lich, FRO
In international campaign was performed at ESRANGZ rocket base, near Kiruna,
Sweden (65oN) |tom January 4 to February 15 in order to investi_ate _he
Che=istry of Ozone in the Polar Stratosphere (CHEOPS). within _he framework o£
this campaign two sets of large stratospheric air samples were collected by
eeans of a balloon borne cryogenic air sampler. The two balloons were launched
on February l0 and February 10, 1985. At present the samples are analyzed in our
laboratory for their contents of several long lived trace gases such as ¢H4,
N20, Ha, ¢0_, CO and _he major halocarbons OKsC1, ¢FCI_, CFaCla, C¢14, OH_CCl_,
CiF=Cl_.
The vertical profiles derived from these |amples will be presented and compared
with previous observations made in February 1987. The data will be discussed in
view o£ the dynamical evolution o_ the arctic polar vortex during this winter.
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To be presented at the "Polar Ozone" Workshop
at Aspen, 9-13 May, 1988
ROCKET- AND AIRCRAFT-BORNE TRACE GAS MEASUREMENTS
IN THE WINTER POLAR STRATOSPHERE
F. Arnold, O. M6hler, K. Pfeilsticker and H. Ziereis
Max-Planck-Institut f_r Kernphysik
P.O. Box 103980, D-6900 Heidelberg, F.R. Germany
In January and February 1987 we have performed strato-
spheric rocket- and aircraft-borne trace gas measurements in
the North Polar region using ACIMS (Active Chemical Ionisation
Mass Spectrometry) and PACIMS (P__Assive Chemical Ionisation
Mass Spectrometry) instruments. The rocket was launched at
_ / Esrajlge (European Sounding Rocket Launching Range) (68" N,
21 ° E, Northern Sweden) and the twin-jet research aircraft
.," _ operated by the DFVLR (Deutsche Forschungs- und Versuchs-
_ t_'_'i anstalt f_r Luft- und Raumfahrt) and equipped with our mass%V
spectrometer laboratory was stationed at Kiruna airport.
Various stratospheric trace gases were measured including also
nitric acid, sulfuric acid, non-methane hydrocarbons (acetone,
hydrogen cyanide, acetonit_ile, methanol etc. ) , and ambient
cluster ions.
The experimental data will be presented and possible impli-
cations for polar stratospheric ozone will be discussed. ,
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IN SITU OBSERVATIONS OF ClO IN THE WINTERTIME NORTHERN HEMISPHERE:
ER-2 AIRCRAFT RESULTS FROM 21°N TO 61°N LATITUDE
W.H. Brune, D.W. Toohey, md J.G. Anderson
Department of Ct,emistry
nda i #
Department of Earth and ?lanetary Science _ '
t
Harvard University
Cambridge, MA 02138
and ;-
E.F. Danielsen and W. Starr ,_,
NASA Ames Research Center
Mountain View, CA 94043
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We report here measurements of lower stratcspheric ClO taken during a NASA ER-2
flight between Moffett Field, CA (37"N, 122°WI and Great Slave Lake, Canada (61°N,
l16°W) on 13 February 1988. Northbound, the aircraft was flown at --- 20 km altitude
from 39°N to 56°N, at 18 km from there to 58°N, in a descent to 15 km at 60°N, and in
a rise and turn at the northernmost point. Th_ , southbound leg was flown in a gradual
climb from 20 km to 21.5 km. On this day, the o:ntral position of the Arctic polar vortex,
as determined by an NMC analysis of heights ai_d temperatures at the 50 mb and 70 mb
levels, was approximately (79°N_ 100°W). Beca_Jse the vortex was located on the North
American side of the pole, the aircraft was able to reach a point slightly inside the maximum
horizontal wind region where wind speeds were (80 - 90) knots.
The general pattern for the observed CIO i'_ that it increased with both latitude and
altitude, and attained a maximum of--, 55 pptv ai, 61°N latitude and 20.5 km altitude. This
value is --- 20 times smaller than the maxima ob:;erved over Antarctica, but is comparable
to those seen just outside the "chemical contair, ment vessel" located inside the Antarctic
Polar vortex. On the other hand, in a comparisoa with northern midlatitude data taken on
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this and three other February flights, CiO mixing ratios observed north of 55°N latitude
are 2 to 5 times larger at all flight altitudes (15 - 20 kin). We will discuss possible reasons
for this enhancement over midlatitude and consider the evidence for whether or not the
instruments sampled Arctic polar vortex air.
A second feature of the data is the strong positive correlation between ClO and 03
during the entire flight. This relationship holds for all observable spatial scales and at all
altitudes. A negative correlation, as observed first over Antarctica on 16 September 1987,
implies photochemical loss of ozone and is not expected to occur in the air sampled during
this flight. With CIO at _ 60 pptv, the chlorine photochemical mechanisms proposed for
the Antarctic ozone hole are too slow to reduce ozone in the course of a few months.
Three other flights were made on 12 February, 16 February, and 19 February. On 12
February, night-to-day transitions of ClO and BrO were measured; day-to-night transitions
were measured on 16 February. The aircraft was flown northward to _ 47°N and back
for both flights. The 19 February flight was directed south to 21°N latitude in an altitude
"sawtooth" pattern -- allowing us to establish a coarse grid of ClO and BrO with respect
to altitude between 17 and 21 km and latitude between 21°N and 61°N.
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Visible and Near-Ultraviolet Spectroscopy
at Thule AFB (76.5°N) from Janm_ry 28-February 15, 1988
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1Aeronomy laboratory, National Oceanicand Atmospheric Ad,ninistration,Boulder, CO __ (.4 _ )_":
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Near-ultraviolet and visible spectrographs identL'al to those employed at McMurdo Station,
Antarctica (77.8S) during the austral spring seasons of 1986 and 1987 were used to study the
stratosphere above Thule, Greenland (76.5N) during early spring, 1988. Observations were
carried out both at night using the direct moon as a light source, and during the day by collecting
the scattered light from the zenith sky when solar zenith angles were less than about 94.5 degrees.
Excellent meteorological conditions prevailed both ir_ the troposphere and stratosphere during this
observing program at Thule. Surface weather wa:_ extremely clear over most of the period,
facilitating measurements of the direct light from the moon. The lower stratospheric arctic polar
vortex was '.ocated very near Thule throughout the observing period, and temperatures at the 30
mbar level were typically below -80C above Thuh, according to the National Meteorological
Center daily analyses. Thus conditions were favor lble for polar stratospheric cloud formation
above Thule.
Total column ozone abundances were about 350 400 Dobson units, and did not suggest a clear
temporal trend over the observing period. Stratospheric nitrogen dioxide measurements were
complicated by the presence of a large component of tropospheric pollution on many occasions.
Stratospheric nitrogen dioxide could be identified on most days using the absorption in the
scattered light from the zenith sky, which greatl,¢ enhances the stratospheric airmass while
suppressing the tropospheric contribution. These measurements suggest that the total vertical
column abundance of nitrogen dioxide present over Thule in February was extremely low,
sometimes as low as 3x 1014 cm -2. The abundance of nitrogen dioxide increased systematically
from about 3x1014 in late January to 1.0xl015 cm -2 in mid-February, perhaps because of
photolysis of N205 in the upper part of the stratosphere, near 25-35 km.
Spectra obtained using the moon as a light source on the nights of February 2 through
February 7 have been analyzed for OC10. Preliminary results suggest a small but measurable
vertical column abundance of OC10, around 3x 1013 cm -2 on the night of February 3, for
example. Measurements of OC10 in Antarctica dt_ring late August, 1987 suggest a much larger
value of about 2.3x1014 cm-2, while photoche_fical model calculations employing purely
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homogeneous chemistry (no heterogeneous polar stratospheric cloud chemistry) imply a nighttime
OC10 abundance of only about 5.0x1012 cm-2. Thus the observed Antarctic abundances of
OC10 are about fifty times greater than model calculations neglecting heterogeneous chemistry,
while the Thule measurements are about s_ix times _eater than such mode'.s. This limited series of
measurements therefore suggests that significmat enhancements of reactive chlorine radicals are
present in the Arctic vortex, albeit to a much less extent than in the Antarctic. The possible
implications of this suite of measurements for the depletion of Arctic ozone will be explored.
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OZONE AND NITROGEN DIOXIDE GROUND BASED MONITORING
BY ZENITH SKY VISIBLE SPECTROMETRY IN ARTIC AND
ANTARCTIC
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Unattended diode array spectrometers have been designed for ground based
stratospheric trace species monitoring by zenith sky visible spectromea--y. Measurements
are performed with a 1.0 nm resolution between 290 nm and 590 nm in order to allow
simultaneous evaluations of column densities of ozone, nitrogen dioxide. Field tests
have shown that the species can be monitored with a precision of + 2 Dobson for the
first and + 2.1015 mol./cm 2 for the second, although the absolute accuracy of the
method is limited by the error of the estimation of the atmospheric optical path of the
scattered light.Two identical instruments have been set-up in January 1988, one in
Antarctica at Dumont d'Urville (66 S, 140 E) which will be operated all along the year
and an other one in the Arctic at Esrange at Kiruaa (68 N; 22 E) which will stay up to the
final warming of spring 1988. The data are processed in real time at both stations. 0 3
and NO 2 columns are transmitted together with surface and stratospheric temperature
and winds. They are also recorded for further treatment and search for OC10 and BrO.
Only one month of data from Antartica is available at the moment (figure 1).
Obtained during polar summer they cannot show more than stable columns of 0 3 and
NO 2 and for the last species, the build up of its diurnal variation.
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FIGURE 1
The Attic instrument began its measurements on January 16 and is still running as
the exceptionnal stratospheric winter 1987-88 continues (figure 2). Ozone was observed
• to increase slowly in average from 300 DU to 390 DU untill mid February afterwards
large variations are present, the lowest columns being correlated with the polar vortex
approaching Northern Scandinavia. Nitrogen dioxide is found to vary considerably at
Kiruna. Although the station is located 2000 lan north of the major industrial and urban
European areas, large pollution episodes were found at several circonstances. They
occur when the surface wind is directed from S-SE to SW. Observed columns, that is
vertical columns if the species is tropospheric, reached values as high as 1.5 1017
mol.cm -2. Making the difference between polluted and clear periods is not always
straight forward. If only those situations where the surface wind is outside the polluted
sector are kept, then NO 2 appears to be strongly correlated with temperature at 30 rob.
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FIGURE 2
For the lowest temperature (-82°C), the colunm is reduced to values below 1. l015
mol.cm °2. The diurnal cycle totally absent in January is still very small by the end of
February although the sun culminates at 76 ° at noon. Its amplitude covaries with
stratospheric temperature. Measurement will follow on, the data recorded will be
reprocessed and we expect to present a complete pictttrc of the evolution of both NO 2
and 0 3 up to the final spring warming.
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CANOZE MEASUREMENTS OF THE ARCTIC OZONE HOLE
W.F.J. Evans, J.B. Kerr and H. Fast
Atmospheric Environment Service
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Abstract
In CANOZE I (Canadian Ozone Experiment), a series of 20 ozone profile
measurements were made in April, 1986 from Alert at 82.5 N. CANOZE is the
Canadian program for study of the Arctic winter ozone layer.
In CANOZE 2, ozone profile measurements were made at Saskatoon,
Edmonton, Churchill and Resolute during February and March, 1987 with ECC
ozonesondes. Ground based measurements of column ozone, nitrogen dioxide
and hydrochloric acid were conducted at Saskatoon. Two STRATOPROBE balloon
flights were conducted on February 26 and March 19, 1987. Two aerosol
flights were conducted by the University of Wyoming. The overall results of
this study will be reported and compared with the NOZE findings. The
results from CANOZE 3 in 1988, will also be discussed.
The appearance of the Antarctic ozone hole, which was reported in 1985,
has led many scientists to speculate on the cause. It is natural to expect
that a similar phenomenon will occur in the northern hemisphere since there
is a cold polar vortex formed in the winter just as in the southern
hemisphere. The phenomenon may be different and more difficult to research
because of the higher level of planetary wave activity and the presence of
stratospheric warmings. The Antarctic is a continent surrounded by oceans
whereas the Arctic is an ocean surrounded by continents. It has been
pointed out that the Antarctic has much colder temperatures than the Arctic;
although the spring temperature is warmer in the Arctic, this is not true
during December and January when the northern vortex forms and temperatures
below - 80°C are frequent. The Antarctic ozone hole has been associated
with the polar stratospheric clouds through heterogeneous reactions. Polar
stratospheric clouds have also been observed in the northern vortex during
December. Weisburd I (1986) has reported on work by Heath, which
indicated the presence of a developing ozone hole in the northern hemisphere
from an annual analysis of SBUV satellite data, apparently located over
Spitzbergen in late winter; this hole is only about a third as deep and a
third as large in area. In conclusion, it is not unreasonable to expect
the formation of an ozone crater in the northern hemisphere. Based on these
expectations we have been conducting a search for a similar crater in the
Arctic, using our Canadian network of ozone monitoring stations (Evans 2,
1987).
A modest study was conducted from Alert, 82.5 N, in conjunction with
the AGASP2 project. This work consisted of a series of ECC ozonesondes from
March 31 to April 23, 1986 to study the Arctic tropospheric ozone profile in
spring.
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In the upper altitudes of these profiles, there were layers of depleted
ozone similar to those reported by Hofmann et al. 3 (1987) from McMurdo
under the Antarctic ozone hole. These de]?leted layers were found at 100 mb
and 160 mb, about 50 mb lower than in the Antarctic. This is understandable
since the tropopause was 50 mb lower in the Arctic than in the Antarctic at
McMurdo. These profiles are supplemented by our regular soundings from
Resolute, Churchill and Goose Bay. The l lyers of depleted ozone are also
apparent on these station profiles at the appropriate times. In order to
assist the interpretation of these findings, the TOMS data for this period
were processed into imagery and examined. A shallow crater in the ozone
field was found over Alert on April 13. 3ubsequent examination of the TOMS
imagery revealed that a large crater had _xisted in the ozone field from
mid-January until April with a maximum extent in mid-March. This hole had
an area about one half of the Antarctic h>le and was not as deep. The ozone
crater had amounts of over 500 DU in the :_:im and values below 225 DU in the
floor of the crater.
An ozonesonde profile from a station near the floor of the crater in
mid-March showed that the ozone profile w._s depleted from 10 k_ up to 15 km,
an observation similar to the measurement;; of Kohmyr 4 (1988) from South
Pole station in mid-October, 1986 in the floor of the crater. This was in
marked contrast to the ozone profile from Resolute in mid-March in the rim
of the crater. Again, there is a 5 km sh_ft in altitude wh n comparing with
the profiles in the southern hemisphere h)le. The total ozone was 550 DU in
the Resolute profile in the rim and 255 _I in the floor from the ozonesonde
profile from northern Europe. The corres_)onding values in the Antarctic
crater were 400 DU for the rim and 155 DU in the floor in 1986.
A more expanded program of ozone lay_r measurements was conducted in
1987. As well as ozone profile measureme_ts from the four Canadian stations
at Edmonton, Churchill, Resolute and Goos_ Bay, a special program was
conducted from Saskatoon. This consisted of ground based measurements of
ozone and nitrogen dioxide, ozonesonde pr(,file measurements and STRATOPROBE
balloon flights. In addition, special gr,)und based measurements with a
modified Brewer spectrometer were conduct_d from Alert from March 12 to
March 31 to search for chlorine dioxide.
Later analysis of the TOMS imagery showed that, unfortunately, no ozone
hole or crater structure was present in s],ring, 1987. However, depleted
layers were found in the ozone profiles f_om Saskatoon, Churchill and
Resolute during March, 1987; these appear(_d to be similar to the depleted
layers reported by Hofmann et al. 3 (1987) from the Antarctic during
September, 1986. Thus, the crater mechan:ism may have been operating earlier
in 1987, but the hole was probably destro._ed by stratospheric warmings which
took place in February and March.
The STRATOPROBE balloon flights were conducted on February 26 and March
19, 1987 from 52 N at a time when the vortex was nearby over northern Hudson
Bay. In particular on February 26, the a_r at 30 mb had been in darkness
for 2 weeks as it came from over the pole0 The nitric acid profile showed
greatly enhanced amounts of nitric acid w_th a layer maximum mixing ratio of
15 ppbv peaked at 20 km. Chlorine nitrate was also enhanced by a factor of
2 over summer values at the same latitude Moderate amounts of nitrogen
dioxide and N205 were observed.
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In 1988, as part of CANOZE3, STRATOPROBEballoon flights were
conducted from Saskatchewanon January 27 and on February 13. A new light-
weight infrared instrument was developed and test flown. A science flight
was successfully conducted from Alert (82.5 N) on March 9, 1988 whenthe
vortex was close to Alert; a good measurementof the profile of nitric acid
was obtained.
Overall, the Arctic spring ozone layer exhibits manyof the features of
the Antarctic ozone phenomenon,although there is obviously not a hole
present every year. The Arctic ozone field in March, 1986 demonstrated
manysimilarities to the Antarctic ozone hole. The TOMSimagery showeda
crater structure in the ozone field similar to the Antarctic crater in
October. Depleted layers of ozone were found in the profiles around 15 km,
very similar to those reported from McMurdo. Enhanced levels of nitric acid
were measured in air which had earlier been in the vortex. The TOMS imagery
for March 1987 did not show an ozone crater, but will be examined for an
ozone crater in February and March, 1988, the target date for the CANOZE 3
project.
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BREWER SPECTROPHOTOMETER MEASUREMENTS IN THE CANADIAN ARCTIC
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Abstract
In the winters of 1987 and 1988 we h6ve conducted measurements with the
Brewer Spectrophotometer at Alert (82.5 N) and Resolute (74.5N). The
measurements were conducted as part of ou_ Canadian Program to search for an
Arctic Ozone Hole (CANOZE).
Ozone measurements were conducted in the months of December, January
and February using the moon as a light soL rce.
The total ozone measurements will be compared with ozonesonde profiles,
from ECC sondes, flown once per week from Alert and Resolute.
A modified Brewer Spectrophotometer was used in a special study to
search for chlorine dioxide at Alert in M61rch 1987.
Ground based observations at Saskatocn in February and at Alert in
March 1987 failed to detect any measureable chlorine dioxide. Interference
from another absorbing gas, which we speculate may be nitrous acid,
prevented the measurements at the low levels of chlorine dioxide detected in
the southern hemisphere by Solomon et al. I (1987).
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Ozone Measurements During Wintertime in
the Arctic . Comparison with Recent
Measurements at the Same Places are made.
Here the 30 hPa. Temperatures are shown .
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Noon measurements made at Troms_ and at
Spitzbergen_ 70 and 78 deg. north, back
in the fifties have been re-evaluated. One
has to take into account that the wedge ca
librarian will change when the f(cussed
image of the moon on the inlet slit is u-
sed. A correction was later decided to be
used after several experiments in Dobsons
Laboratory in Oxford. The absorption coef-
ficients have been changed since the obser
rations were taken and evaluated the first
time. The re-evaluated ozone values have
been plotteds in one diagram for Spitzber-
genw and in one for Troms_. The zonal mean
value for ozone is given as a reference.
Ozone me;_rements from the winter season
1985/86 and 19ea/87 made at the same pla-
ces are presented. Here the daylight mea-
surements are incorporated and also TIROS
satellite data from single point data re-
trieval are given. The two winter seasons
were very different. In the first we had
a late final stratospheric warming, and in
the other we had a early final stratosphe-
ric warming. This can be seen from the
30 milllbar temperatures_ provided by Bar-
bara Naujakat_and platted in the diagrams.
Again the zonal mean values of ozone are
given as reference.
Diagrams with ozone and 30 hPa. temperatu-
res for the same seas_ns_ from Oslo_ are
also presented.
To be pre-
sented as
POSTER
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SPRINGTIME SURFACE OZONE FLUCTUATIONS AT HIGH ARCTIC LATITUDES
AND THEIR POSSIBLE RELATIONSHIP TO ATMOSPHERIC BROMINE
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At high Arctic stations such as Barrow, Alaska, springtime near-surface ozone amounts
fluctuate between the highest and lowest values seen during the course of the year (Oltmans,
1981). Episodes when the surface ozone concentratior is essentially zero last up to several days
during this time of year (Fig. 1). In the Arctic Gas and Aerosol Sampling Program (AGASP-I
and AGASP-II) in 1983 and 1986, it was found that ozone concentrations often showed a very
steep gradient in altitude with very low values near the surface (Herbert et al., 1988; Bridgman et
al., 1988). The cold temperatures, and snow-covered ground make it unlikely that the surface
itself would rapidly destroy significant amounts of ozone.
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Fig. 1. Hourly surface ozone concentrations at Barrow for Mar-May 1982 showing large fluctua-
tions and periods of near-zero values.
Fifteen years of ozone observations near the surface at Barrow, Alaska (7 I'N, 157"W)
show (Fig. 2) a late autumn and winter maximum, a sharp springtime drop; a modest recovery to
a secondary maximum in June; a small dip during the summer; followed by rising concentrations
during autumn. Although ozone concentrations in Fig 2 show a great deal of variability which
ranges in scale from days to years, the pattern described above is in evidence each year. A very
similar pattern is seen in the ozonesonde record at Resolute, NWT (75"N) for observations near
the surface. Such a seasonal pattern is unique to the high Arctic and is not seen at other rela-
tively high latitutde stations (e.g. Churchill at 59"N) outside the Arctic Basin. Ozonesonde
observations at both Barrow and Resolute show that this behavior is confined to the boundary
layer.
The AGASP aircraft measurements that found low ozone concentrations in the lowest
layers of the troposphere also found that filterable excess bromine (the amount of bromine in
excess of the sea salt component) in samples collected wholly or partially beneath the tempera-
ture inversion had higher bromine concentrations than other tropospheric samples. Of the four
lowest ozone minimum concentrations, three of them were associated with the highest bromine
enrichments. Surface measurements of excess filterable bromine at Barrow (Berg et al., 1983)
show a strong seasonal dependence with values rising dramatically early in March, then declin-
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ing in May. Theconcentrationof organic bromine gases such as bromoform (Fig. 3) rise sharply
during the winter, and then begin to decline after March with winter and early spring values at
least three times greater than the summer minimum (Cicerone et al., 1988). Recently Barrie et al.
(1988) found that at Alert, NWT (82°N), ozone mixing ratios during April 1986 were anticorre-
lated at a level of better than 0.95 with filterable bromine concentrations.
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Fig. 2. The seasonal variation of ozone
at Barrow, AK for 1973-1986. Box and
whisker plots at weekly intervals are from
daily means. The median (dot), the upper
and lower quartiles (ends of the box) and
upper and lower 5 percentiles (ends of
lines are shown.
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Fig. 3. Total global flux of solar radiation at
Barrow for 1976-1983, with box and whisker
plots as in Fig. 2 and mean monthly bromoform
mole fraction (from Cicerone et al., 1988).
The critical link between the presence of organic bromine gases and the large fluctuations
in ozone near the surface is the appearance of sunlight in the spring. In early March at Barrow,
the total global flux of solar radiation (Fig. 3) begins a rapid rise. March and April appear to be
months with a number of days having relatively clear skies. Although the radiative input contin-
ues to climb through May, there is an increasing amount of cloudiness as 24-hour daylight
approaches. If solar radiation is an important factor, then more northerly stations should show a
later appearance of the spring peak in filterable bromine. This indeed does appear to be the case
from data presented by Sturges and Barrie (1988) from stations ranging in latitude from 70°N to
82*N.
The springtime minimum in the seasonal cycle of surface ozone concentrations at high
arctic latitudes appears to be linked to the destruction of ozone in the boundary layer by reactions
with bromine compounds (Wofsy, 1975; Barrie et al., 1988). Organic bromine compounds
emitted from the predominatly ice-covered ocean appear to react with ozone in the presence of
adequate sunlight to destroy ozone and produce filterable bromine particles. During stable
periods, bromine compounds appear to produce a rapid and thorough destruction of the ozone as
seen in the Barrow surface ozone record. Simultaneous measurements of filterable bromine and
ozone at the surface were made at Barrow during the spring of 1986. The broad features of the
relationship between filterable bromine enrichment and ozone mixing ratio are shown in Fig. 4.
A 60-hour running mean has been applied to these data to smooth out small scale fluctuations.
Although the correlation is a modest -0.64 between these two quantities, there is a clear tendency
for high bromide values to be associated with low ozone concentrations and vice versa. The long
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series of ozone r.aeasurements combined with measurements of filterable bromine, bronfine gases
and solar insolation show that the pattern seen in 19_;6 is found each year at Barrow. Data from
aircraft and from a number of other locations suggest that this is an important process over a
broad region of the Arctic Basin.
Fig. 4. Surface ozone mixing
ratio (+) and filterabJe bromine
enrichment factor (o) during
Spring 1986 at Barrow, AK.
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2NRC Research Associate, NOAA[GMCC, Boulder, CO 80303 L . .._
3Chemistry Department, University of Washington, Seattle, WA 98195 __ ";i'_c
INOAA/GMCC, Boulder, CO 80303 _J_
Aircraft profiles of 03 concentrations over the Arctic ice pack in spring exhibit a depletion of
03 beneath the surface temperature inversion. One such profile from the NOAA WP-3D Arctic
Gas and Aerosol Sampling Program (AGASP) flights in April, 1986 north of Alert, NWT (YLT,
82.5" N) is shown in Figure 1. The gradient of 03 across the temperature inversion, which is
essentially a step function from tropospheric values (35-40 ppbv) to 0, is somewhat masked by a
1-minute running mean applied to the data.
Barrie et a]. (1988) have presented evidence that 0 s destruction beneath the Arctic tempera-
ture inversion is the result of a photochemical reaction between gaseous Br compounds and 03 to
produce particulate Br aerosol. They note that in springtime, 03 at the Alert Baseline Station
regularly decreases from 30-40 ppbv to near 0 over the period of a few hours to a day. At the
same time, there is a production of particulate Br with a near 1.0 anti-correlation to 0_ concen-
tration. Surface concentrations of bromoform in the Arctic exhibit a rapid decrease following
polar sunrise (Cicerone eta]., 1988).
AGASP aircraft measurements of filterable bromine particulates in the Arctic (March-April,
1983 and 1986) are shown in Figure 2. The greatest concentrations of Br aerosol (shown as
enrichment factors relative to Na in seawater, EFBR (Na)) were observed in samples collected
beneath the surface temperature inversion over ice. Samples collected at the same altitude over
open ocean (off Spitzbergen) labeled "Marine" did not exhibit similar Br enrichments.
A second region of particulate Br enrichment was observed in the lower stratosphere, which
regularly descends to below 500 mb (5.5 km) in the high Arctic. The NOAA WP-3D flew in the
stratosphere on all AGASP flights and occasionally measured 03 concentrations in excess of 300
ppbv.
AGASP aircraft gas flask measurements (Berg et al., 1984) show that both bromoform and
methylene bromide concentrations decrease with altitude in the troposphere but increase in the
lower stratosphere as shown in Figure 3. Bromoform and m_thylene brom:,de over the ocean
(symbol M) do not exhibit higher concentrations beneath the temperature inversion as they d.q
over ice.
it, is yet to be determined if any relationship exists between the relatively high concentra-
tions of bromine gases in the stratosphere and the associated elevated bromide concentrations. If
the same tropospheric bromine-ozone photochemistry were to occur in the lower stratosphere as
in the troposphere, one might speculate that stratospheric ozone is being similarly eroded at its
lower boundary.
References
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truction and photochemical reactions at polar summer in the lower Arctic atmosphere.
Nature, (in press), 1988.
Berg, W.W., L.E. Heidt, W. Pollock, P.D. Sperry and R.J. Cicerone, Brominated organic species
in the Arctic atmosphere. Geophys. Res. Lett. 11, 429-432, 1984.
Cicerone, R.J., L.E. Heidt, and W.H. Pollock. Measurements of atmospheric methyl bromide
(cn 3 Br) and bromoform (CHB%). J. Geophys. Res., (in press), 1988.
204
3OO
4OO
500
E
600
W
700
W
8O0
9O0
1000
YLT
tAT 82.5
1000-2346 GMT APR 14o 1986
4s ,_o OZONE (ppb}
......._,.o
['.., /' --_. "",, ,,o
"'" ; 4s
-,o-_--J-_./-d.. /.._.__.1,,,1
2oZ5"_ /
5
4 v
3
I-,
J
<
83 83.5 84" N
Figure l. Cross-section of ozone concentra-
tions upwind of Alert, NWT (82.5"N) on
April 14, 1986. The thick-doshed line indi-
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aircraft flight track. The depleted ozone
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evident.
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Figure 2. Aerosol filter data from the Arctic
showing enrichments of filterable bromine
relative to seawater, tligh concentrations of
bromide particulates were present over ice
beneath the surface temperature inversion
and in the lower stratosphere. There were
no bromide enrichments over the open ocean
(MARINE) at any altitude.
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IN SITU OBSERVATIONS OF BrO OVER ANTAR(_TICA-
ER-2 AIRCRAFT RESULTS FROM 54°S to 72_'S I,AT1TIII)E .,\'3¢/
W.It. Brune and J.G. Anderson . i(")\-..,)_'
Department of Chemistry \
@J
and
Department of Earth and Planetary Science
Harvard University
Cambridge, MA 02138
Bromine monoxide was observed in situ at _ 18 km altitude during nine flights of
the NASA ER-2 aircraft from Punta Arenas, Chile (54 () latitude) to 72"S latitude over
the Pahner Peninsula., Antarctica. The first flight for the BrO detection sysl.enl was on
28 August. We report here the results from the flights over Antarctica and from the ferry
flights from Punta Arenas to Moffett Field, California (37'_N lat.itude).
Bromine monoxide is a major component of lhe total inorganic bromine abundance
throughout the lower stratosphere because homogeneous t)romine photochemistry parti-
tions inorganic bromine into basically only two species t:_rO and Br()NO.z. ltow much of
the total inorganic bromine content, which is thought to be (5 - 15) pptv, is Hr() depends
strongly on the NO2 abundance in the air parcel. Inside the antarcti(' polar vortex, where
NO2 is low, BrO should be essentially the only inorganic bromine species. A measurement
of IfrO, however, may not be an accurate measure of the total inorganic I)romine because
the heterogeneous chemistry of bromine, which is virtllally unknown, may act lr) reduce
or redistribute bromine.
A key question concerning BrO, then, is how it is distributed with respect to the
"chemical containment vessel" delined by elevated (:lO mixing ratios. This question is
answered with greatest statistical significance if the data are aw, raged into five regions:
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outside the vessel,aircraft heading south; insi(h tile vesselon the s_me potential tem-
perature surface; in the "dive" region; inside the vesselon a given potential temperature
surface,aircraft heading north; and outside the , esse[on the samesurface. 'rl,_, result is
that tile I3rO distribution inside the "chemical co ttainment vessel" was di[t'er('nl, from that
found outside. Inside, the BrO mixing ratio was (5.0 _ I.I) pptv between the' ,10() [_ and
460 K potential temperature surfaces, decreasing only slightly with potent ial temperature,
and was less than 3.6 pptv below the 400 K surlac('. The abundance of tlr() inside the
"chemical containment vessel" showed no discerl ible temporal trend during th(' course of
the nine flights. Outside the vessel, the BrO mixi _g ratio was (4.7 I 1.3) pt)Iv n,'aI" l.he 450
K surface, but decreased to (2.8 :_: 1.0) pptv lle_,r the ,120 K surface. Bromine r_lcmoxide
was clearly enhanced in the "chemical containm( ut vessel", and the average enhancement
was a factor of 1.7 _k 0.8. This difference was greal est near the 420 l{ potential l,(,rnperature
surface, and was almost negligible near the 450 t( surface.
Away from the south polar region, the B_() mixing ratio was (I.0 - 3.0) pptv at
latitudes between 45°S and a7°N and potential lemperal.ures between 4:{.5 t'{ _nd 500 K
(18.5 km and 20.7 km altitude). These data were taken on the ferry flights north on 29
September, and 1 and 3 October. Unlike UIO ,vhich wa.s _ 500 times larger inside the
antarctic polar vortex than at midlatitudes, BrO was less than five times larger inside the
vortex than on comparable potential temperatuce surfaces at lower ]atil u(l(,s.
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Tile QBO and lnterannual Variation in Total Ozone
L.R. Lait 1, M.R. Schoeberl 2, P.A. N_:wman 3, and R.S. Stolarski 2
QBO modulation of the spring ozone declix_e rate
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Garcia and Solomon (1987) have noted that the October monthly mean minimum total
ozone amounts south of 30S were modulated by a quasibiennial oscillation (QBO) signal.
The precise mechanism behind this effect, however, is unclear. Is the modulation
brought about by the circulation-produced QBO sig_al in the ozone concentration itself,
or does the temperature QBO modulate the formati:,n of polar stratospheric ch)uds (PSCs),
leading to changes in the chemically induced Antarctic spring ozone decline rate'? Or is
some other phenomenon involved?
'lk) investigate the means through which the QBO effect occurs, a series of
correlation studies has been made between polar oz,)ne and the QBO signal in ozone and
temperature.
Analysis and results
It seems likely that variations in polar ozont would be more directly affected by
the QBO in the Southern midlatitudes than by the tropical QBO. Therefore, quasibiennial
signals from 66 S to the equator were extracted bill digital filtering zonally averaged
daily TOMS maps and NMC layer mean temperatu-e fields. To better establish the link
between these filtered data and the tropical QBO, !_oth a narrow bandwidth filter
(designed to isolate the QBO) and a broad bandwidth filter (retaining most signals with
periods longer than the annual cycle) were used. £he filtered data were correlated with
the 30 and 50 nab winds over Singapore. Total o:'one between 15 and 50 S and the 50-30 nab
layer mean temperatures between 30 and 50 S are strongly anticorrelated with the 30 nab
Singapore winds.
To obtain a picture of the evolution in time of the ozone within the polar vortex,
daily minima lVOleward of 30 S were extracted fr(;,m gridded TOMS data. The resulting time
series was smoothed, and the spring decline rate fo_- each year was determined I)y a
linear least squares fit from September 1 to October 5. As shown in Figure 1, the
decline rate shows an overall increase in magnitude:: from 1979 to 1987 but lluctttlttes
with a peri(xl of about two years.
The filtered zonal mean total ozone is highl3 correlated with the polar ozone
decline rate anomalies in the Southern midlatitudes and anticorrelated with the tropical
QBO (Figure 2). The NMC 30-50 mb layer mean temperatures show similar results.
If the decline rates and the October mean oz)ne values were modulated directly by a
QBO in the ozone superimposed on the overall decltne, the slope of the midlatitude QBO
should be associated with a decline rate deviation t,f the same sign. In fact, however,
the two are poorly correlated; moreover, the slopes of the QBO signal for
August-September (at most 0.03 DU/day) are too s_,_all to account for the decline rate
deviations (about 0.4 DU/day). An alternative explanation is that a QBO in the
temperature modulates the formation of PSCs, thereby affecting the rate of chemical
destruction of ozone over the pole. This hypothesi_: seems better to account for the
observed deviations in the decline rate, but cannot be proven from this data set.
1. NRC/NASA/GSFC, Greenbelt, MD 20771
2. NASA/GSFC, Greenbelt, MD 20771
3. Applied Research Corporation, 8201 Corp(rate l)l'., Landover, MD 20785
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Sucha QBOsignal in the temperature may be due to a direct circulation similar to
that described for lower latitudes by Plumb and Bell (1982) and Plumb (1984), or it may
be the result of a QBO modulation of midlatitude eddy activity (Ilolton and Tan, 1982;
l)unkerton, 1988; Newman and Randel, 1988).
The sensitivity of the spring Antarctic decline rate to the QBO (whatever the
precise mechanism) and the fact that the decline rate anomalies are a significant
fraction _l the decline rate itself indicates how strongly the Antarctic depletion can
be m_xlified by midlatitude processes. Thus, while the basic ozone depletion mechanism
iJppears to I_e chemical, the overall chemistry is apparently highly sensitive to the
dynamics of the Austral winter stratosphere.
11. The dilution effect
It has been suggested (M, Ko, personal communication) that, upon breakup of the
lx)lar vortex in the Southern late spring, subsequent transport and mixing o1' its
depleted-ozone air could result in lower ozone levels at other latitudes (the dilution
effect).
Zonal mean TOMS data from 1979 to 1987 have been averaged over months bracketing
the A ntactic ozone depletion event and differenced in an effort to separate such an
effect from an overall secular decline or instrument drift. If the high ozone region
just outside the polar vortex is reduced by the dilution effect, one would expect such
differences to be positive over the vortex and negative over the high-ozone region, with
an overall decrease from year to year. Figure 3 shows the December-September difference
as a function of latitude and year. Some weak evidence for the dilution effect can be
seen, but a large QBO signal in the data tends to obscure straightforward
in terpretation.
Figure Captions.
1. August-September decline rates of the daily map minimum in total ozone for each
year (solid line), with their linear leant squares fit (dashed line).
2. Correlation coefficient versus latitude of ozone decline rate deviations with
zonal mean total ozone, filtered to extract the QBO. Dotted line is the correlation of
the decline rate deviations with the rate of change of filtered zonal mean total ozone.
3. December-September difference of monthly mean zonally averaged total ozone for
each year.
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Antarctic Ozone Decrease: Possible Impact on the Seasonal and Latitudinal
Distribution of Total Ozone as Simulated by a 2-D Model
840, Memorial Drive,
Cambridge, Ma 02139
Malcolm K. W. Ko, Nien-Dak Sze, Debra K. Weisenstein and Jose M. Rodriguez
Atmospheric and Environmental Research, Inc. f
Satellite borne instruments (TOMS and SBUV) show that total column ozone
has decreased by more than 5% in the neighborhood of 60°S at all seasons since
1979. This is considerably larger than the decrease calculated by 2-D models
which take into account solar flux variation and increases of trace gas
concentrations over the same period. The meteorological conditions (warmer
temperature and the apparent lack of polar stratospheric clouds) at these
latitudes do not seem to favor heterogeneous chemistry as the direct cause for
the observed ozone reduction. A mechanism involving the seasonal transport of
ozone-poor air mass from within the polar vortex to lower latitudes (the so-
called 'dilution effect') is proposed as a possible explanation for the
observed year-round ozone reduction in regions away from the vortex.
Observations indicated that the column content of 03 within the antarctic
polar vortex decreases by about 50% during the austral spring. This amount
corresponds to about 4% of the global content of 03. Following the break down
of the vortex in October, the 03 content in the region is observed to recover
within a few weeks. Given that the photochemical replacement time of 03 at
such latitude is estimated to be longer than a season below 25 km, the rapid
filling-in of the 03 hole can only be achieved by transport of O3 from the
mid-latitude region and mixing of air masses between the two regions. The
assumption that spring 03 decrease within the vortex is due to removal by
photochemical processes raises the question of whether the subsequent redis-
tribution of 03 to fill the hole can affect the global O3 content on a year
long basis.
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The extent and the persistence of the global impact will partially depend
on the ability of the atmosphere to compensate for the antarctic loss by
photochemical adjustment. The photochemical replacement time for 03 in the
upper stratosphere is a few days, i. e. the concentration of 03 in the upper
stratosphere would recover to its normal value within a few days if the 03
were perturbed. Thus, if the 03-poor air is exported to and replaced by 03-
rich air imported from the upper stratosphere, the impact on global content
should be minimum. However, if the 03 hole is to be filled by mixing with air
from the lower stratosphere, where the photochemical replacement time ranges
from a few months to a year, the photochemical compensation may not be
complete within the year before the recurrence of the 03 hole in the next
spring. Using a 2-D model, we show that dilution could contribute to a year-
round decrease of 03 outside the polar vortex.
Although present 2-D models are not designed to simulate the formation
and evolution of the polar vortex, they can be used to assess the global
impact of the 03 redistribution on a seasonal time scale. We modify the
circulation in the 2-D model to simulate the vortex by preventing exchange of
air across the boundary of the vortex between 14 and 22 km from mid-April to
the end of October. Instead of actually putting in detailed heterogeneous
chemistry to simulate the 03 removal, we simply remove an additional amount of
03 within the vortex right during the time the barrier is in place.
Our model results showed that
• the dilution effect could be a major contributing factor to the observed
year-round decrease of total 03 between 40°S 60°S. The impact is,
however, small for latitudes north of 30 S.
• the time constant of ozone associated with the dilution effect is relatively
short, of order i year. This means that the dilution impact is
essentially non-accumulative.
• the magnitude of the 03 change is sensitive to the value of Kyy adopted in
the model calculation.
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GLOBAL IMPACT OF THE ANTARCTIC OZONE HOLE:
SIMULATIONS WITH A 3-D CHEMICAL TRANSPORT MODEL
Michael J. Prather (NASA/Goddard Institute for Space Studies, 2880 Broadway,
New York, NY 10025) and
Maria M. Garcia (Dept. of Applied Physics & Nuclear Engineering, Columbia U.,
New York, NY)
A study of the Antarctic ozone hole has been made with a 3-D chemical
transport model using linearized photochemistry for ozone based on observed
distributions. The tracer model uses the winds and convection from the GISS
general circulation model (8* x 10" x 23 layers). A 3-year control run of the
ozone distribution is compared with the observed climatology. In two
experiments, a hypothetical Antarctic ozone "hole" is induced on October 1 and
on November 1; the tracer model is integrated for 1 year with the standard,
linearized chemistry. The initial depletion, 90% of the O s poleward of 70"S
between 25 and 180 mbar, amounts to about 5% of the total O s in the Southern
Hemisphere. As the vortex breaks down and the "hole" is dispersed, significant
depletions to column ozone, of order 10 D.U., occur as far north as 36"S during
Austral summer. One year later, about 25% of the original depletion remains,
mostly below 100 mbar and poleward of 30"S. Details of the calculations will
be shown, along with a budget analysis showing the fraction of the "hole" filled
in by photochemistry versus that transported into the troposphere.
Table. Dobson Map of the Dispersion of an Antarctic Ozone Hole:
Initialized November 1
(Units are negative D.U. relative to control climatology)
lat. Novl Decl Janl Febl Marl Aprl Mayl Junl Jull Augl Sepl Octl Novl
4S 0 0 0 0 0 0 0 0 0 0 0 0 0
12S 0 0 0 0 0 0 0 0 0 0 0 0 0
20S 0 0 0 1 1 1 0 0 0 0 0 0 0
28S 0 0 2 2 2 2 2 2 2 2 2 2 2
36S 0 1 4 6 6 7 6 7 6 6 5 5 4
44S 0 7 11 11 11 11 10 10 9 8 7 6 5
52S 0 17 20 16 16 14 14 12 10 9 8 7 6
60S 0 31 26 22 19 17 16 13 12 9 9 7 6
68S 0 46 29 27 21 20 18 16 13 12 10 8 7
76S 242 59 33 28 22 20 19 17 15 13 11 9 7
84S 235 109 60 33 29 25 19 18 16 15 12 10 7
90S 212 160 88 42 33 29 14 15 18 16 11 9 7
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Diagnostic Studies of the 1987 Antarctic SIFing Vortex: Studies relating to
the Airborne Antarctic Ozone Experiment (|987) employing the UK Meteorological
Office Global Analysis.
Austin, J., Jones, R.L. ,and McKenna, D.S.
Meteorological ( ffice,
London Roa(i,
Bracknell.
Berks.,
RGI2 25Z
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Dynamical fields from the UK Meteorological Office global forecast model
were used throughout the ]987 Airborne Ant_:rctic Ozone Experiment (AAOE) for
flight planning and diagnostic studies. I_ this paper several studies based
on the Meteorological Office global analysis (resolution 1.5 deg lat x 1.875
deg long, Lyne eta]) are described. The _,ind and temperature data derived
form the model analysis are compared with (,bservations made from both the DCB
and the ER-2, and an assessment of the mod_l performance given. Derived quan-
tities such as potential vorticity and pot(ntial temperature are calculated
independently from both aircraft and model data and discrepancies due to the
neglect of terms in the expression for potential vorticity and to errors in
the model data will be discussed.
The composition of the vortex as indicated by some of the constituents
observed by the ER-2 showed regions of rew rsal of latitudinal mixing ratio
gradients near the southern extreme of the ER-2 flight track (725). It has
been suggested that this structure could b_ indicative of a 'trough' or 'an-
nulus' in the concentration fields of these: constituents. However maps of
potential vorticity are presented (see Fig i) which show that this structure is
consistent with distortions in the vortex (,n the scale of hundreds of km.
During the AAOE, there were several o,:casions when the column 03 as seen
by the total ozone mapping spectrometer (T()MS) decreased by the order of 50
Dobson units over a 24-hr period. Model d.tta valid for the time of these oc-
currences are used to argue that this phen,_menon results from reversible dif-
ferential advection of air from different levels and that a large proportion
of the column deficit can be attributed to the poleward advection of air be-
tween 100-200 mb. Furthermore, it will be shown that the advection results
from the poleward extension of a surface ridge.
Finally model data along the DCB fligilt tracks are presented which indi-
cate the presence of structures in the mod_l flow, which in certain respects
are characteristic of tropopause folds. ALr parcel trajectories are presented
which indicate large irreversible equatorw_rd excursions for some air parcels
which originate in the vicinity of a fold (see Fig 2). The possible mass
transfer associated with these events is e_timated and the overall significance
of this transport mechanism to the ozone b_dget of the southern hemisphere
discussed.
References.
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Fisures.
I. Potential Vorticity on the 428K Isentropic Surface.
2. Trajectories on the 340K isentropic surface.
Valid for 18Z 04/09/87.
218
UK MET OFFICE COARSE MESH DATA FOR ANTARTIC OZONE EXPERIMENT
POTENTIAL VORTICITY(MmI2.K/KO-S)mlOm_B(SOLIO) ANO PRESSJRE(MB)(BROKEN)
VALID AT 12Z ON 4/9/1987 OAT 247 DATA TIME IZZ ON 4/9/1987 DAY 247
LEVEL:_28.0K
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UK MET OFFICE COARSE MESH DATA FOR MINI HOLE ANALYSIS
FORWARD TRAJECTORIES ARROWHEADS EVERY: 12 HR5
FROM 12Z ON 5/9/8/ DAY 248 TO I4Z ON 15/9/8"7 DAY 256
LEVEL :340.0 K GROUP: l
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Polar Vortex 9ynamics
Michael Mc[ntyre
Abstract For Snowmass Polar Ozon'e W:>rkshop [suggested oral
presentation)
i
Department of Applied Mathemati::s and Theoretical Physics
Silver Street, Cambridge, England CB3 9EW.
Recent work with high resolution, one-layer numerical models of
fluid flows resembling those in the real stratosphere has
suggested that:
. The interiors of strong cyclonic vortices like the
Antarctic polar vortex may be almost completely isolated
laterally from their surroundings - perhaps even
completely isolated, under some circumstances:
. By contrast, material near the edge of such an isolated
region can easily be 'eroded' (or mixed one-sidedly) into
the surrounding region:
3 . The erosion characteristically produces extremely steep
gradients in isentropic distributions of potential
vorticity (PV) and of othec tracers, possibly down to
horizontal length scales of a few kilometres only. Such
length scales may occur both at the edge of the main
polar vortex and in smaller features outside it, such as
thin filamentary structures, produced by the erosion
process.
These results (for more details see Juckes and McIi,tyre 1987, '88)
seem likely to be relevant to the Antarctic ozone problem• For
example, point 1 would be especially relevant if it were turn out
that the chemistry of the ozone hole is sensitive to
'contamination' e.g. from nitric oxides that might enter the polar
vortex from outside. Point 3 might be relevant to the
interpretation of high-resolution tracer observations. It is
important to ask, therefore, to what extent the qualitative
features just listed might carry over to the real stratospheric
vortex and its surroundings.
Several modelling studies are currently in progress at Cambridge,
involving work by D.G.Dritschel. P.H.Haynes, and W.A.Norton, using
the computing resources of the U.K. Universities' Global
Atmospheric Modelling Project. These aim to go beyond the earlier
work and establish a hierarchy of rrodels that will thoroughly test
the robustness of the foregoing conclusions. Results to date will
be reported on, including, it is hoped, some high resolution,
fully three-dimensional, baroclinic polar-vortex simulations.
Further details are given in two pc:stets by Dritschel and Haynes
submitted concurrently with this presentation.
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One interesting result is a tendency for isentropic distributions
of PV to exhibit a particularly steep 'cliff' at the outermost
edge of the main vortex. This feature appears highly
characteristic of the erosion process, at least when the vortex is
disturbed mainly from outside, or by a planetary-scale wave only,
as in model simulations to date. However, the real Antarctic
vortex might be significantly stirred within its interior as well,
making the isolated core region more nearly homogeneous than it
might otherwise be, a circumstance that would also have chemical
implications. A possible mechanism is stirring by the action of
anticyclonic, tropopause-level PV anomalies associated with the
observed "mini-holes" in column ozone, if and when these move
underneath the main vortex. Such anomalies could induce
synoptic-scale circulations in the air within the isolated vortex
core above them, without requiring any material transport across
the edge higher up, eg on the 420K isentropic surface.
The prediction of thin filaments and steep gradients (point 3) is
physically reasonable; there is no reason to suppose that the real
atmosphere has any pre-existing 'eddy diffusivity' , like the
artificial eddy diffusivities used in numerical models, that would
smooth such features. These features are part of the physical
mechanism that causes what might appear in a coarse-grain
statistical description to be an 'eddy diffusivity'
Indeed, the one-sided nature of 'erosion' of material from the
edge of a strong vortex revealed by the numerical models provides
a typical illustration of how deceptive the standard idea of
'mixing' and 'eddy diffusion' can be. It is always possible, of
course, to define an eddy viscosity or tracer diffusivity by
dividing an eddy flux by some mean gradient, but this idea may
draw attention away from the fact that such quantities exhibit an
extreme degree of spatio-temporal inhomogeneity in many
naturally-occurring fluid flows. For instance as one crosses the
edge into the polar vortex the eddy diffusivity must drop suddenly
to zero, or to extremely small values, insofar as it can be
defined usefully at all. It may rise again as one crosses into
the interior.
From a theoretical-dynamics point of view one of the most striking
aspects of flows like these is a tendency _o exhibit a mixture of
'wavelike' and 'turbulent' characteristics in closely adjacent or
overlapping regions. The distortions of the (edge of the) main
polar vortex are an example of 'Rossby waves' , and the surrounding
region an example of two-dimensional turbulence or, in this
context, 'Rossby-wave surf' The interacting regions -- a sort of
highly inhomogeneous 'wave-turbulence jigsaw puzzle'--poses one of
the biggest challenges facing dynamicists today. Results from the
Antarctic may provide some unique clues to the solution of this
puzzle, and hence an opportunity to make fundamental advances in
dynamics as well as chemistry.
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Evolution of the Antarctic Polar Vortex in Spring:
Response of a GCM to a Prescribed Antarctic Ozone Holef_
B.A. Boville, J.T. Kiehl and B.P. Briegleb _ /\¢)
National Center for Atmospheric Research* _ Y
P.O. Box 3000, Boulder, CO 80307 _'_
1. Introduction:
This study examines the possible effect of the Antartic ozone hole on the evolution of
the polar vortex during late winter and spring using a general circulation model (GCM).
The GCM is a version of the NCAR Community Climate Model whose domain extends from
the surface to tile mesosphere and is similar to that described in Boville and Randel (1986).
Ozone is not a predicted variable in the model. A zonally averaged ozone distribution is
specified as a function of latitude, pressure and month for the radiation parameterization.
Rather than explicitly address reasons for tile formation of the ozone hole, we postulate
its existence and ask what effect it has on tile subsequent evolution of the vortex.
The evolution of the model without an ozone hole is compared against observations
in order to establish the credibility (or lack thereof) of the simulations. The change in the
evolution of the vortex when an ozone hole is imposed is then discussed.
2. Experiments
A control and an ozone hole experiment are discussed here. Each experiment has been
integrated through 4 separate realizations of Austral spring beginning in early August and
ending in early January. The control experiment used an ozone distribution based on
observations prior to the development of the ozone hole. In the ozone hole experiment,
the ozone mixing ratios were altered poleward of 50°S based on the total column ozone
observations in Stolarski and Schoeberl (1986) and the vertical column observations in
Solomon et al. (1986).
Ozone mixing ratios for the fifteenth of each month are specified in the model and
daily values are obtained by linear interpolation. The September and October values were
altered in the ozone hole experiment. Thus, the hole develops from August 16 to September
15 then deepens slightly until October 15. The hole is gone on November 15 regardless of
the state of the vortex.
Tile control experiment was integrated for 20 months beginning on May 1 to obtain
two realizations of Austral spring. Ozone hole experiments were started in early August of
*The National Center for Atmospheric Research is sponsored by the National Science
Foundation.
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each year. The other two realizations of each experiment were obtained by perturbing the
original experiments in early August. This mett_odology results in 4 separate realizations
for relatively modest cost.
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FiKure 1. Time - pressure section of the -onally averaged son_l wind (ms -_ ) at 60°S for the
control simulation and the difference between the ozone hole and control simulations. Hatched
re_ion indicates negative values. Day numbers refer to day of the year (day 220 is August 8).
3. Results
The time evolution of the zonal wind is shown in Fig. 1 as a function of pressure
and in Fig. 2 as a function of latitude. Ensembte means for the 4 realizations are shown.
The polar night jet in the control simulation is _:tronger than observed during late winter,
particularly at upper levels. At 10 mb and belo,_, the agreement with observations is much
better (e.g. Randel, 1987) in late winter. The ,bserved downward and poleward shift of
the jet core through late winter and early spri_tg can be found in the control simulatio,
but is both too weak and too late. Note that this shift is the result of errosion of the jet
at upper levels and low latitudes, not an acceleration at lower levels and higher latitudes.
There appears to be insufficient dynamical forcing of the simulated polar vortex in early
spring, resulting in an unrealistic persistence of the westerlies into December.
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Imposing an ozone hole in September (days 244-273) and October (days 274-304)
results ill a colder and more stable vortex with a correspondingly stronger jet. Although
the imposed ozone hole is gone by November 15, the lower stratospheric wind are almost
5 ms -1 stronger in the ozone hole simulation at the end of December. The large positive
differences in November at upper levels in Fig. 1 result from a delay of about 10 days in
the descent of the jet core in tile ozone hole experiment compared to the control and a
similar delay in the transition to easterlies. Below 10 mb tile delay in tile transition to
easterlies is even longer, about 2 weeks. Westerlies persist until tile end of December in
the ozone ho]e simulation, although they are very weak.
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Figure 2. As in Fig. 1 except that a time - latitude section is shown at 50 mb.
4. Summary
The GCM results indicate that the presence of an ozone hole in September and October
should result in a colder and more persistent polar vortex. This prediction is independent
of the source of the hole, since the hole was simply imposed in the model. Whether a similar
change in the persistence of the vortex can be observed in the atmosphere is uncertain.
Even the control simulation of the GCM has weak dynanfical forcing resulting in an overly
persistent vortex. The stronger dynamical forcing present in the atmosphere in spring
could swamp the tendency of the ozone hole to make the vortex persist longer.
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Theoretical Study of Polar and Global Ozone Changes
Using a Coupled Radiative-Dynamical 2-D Model
by
H. Yang, K. K. Tung and E. Olaguar
Department of Mathematics and Computer Science
Clarkson University, Potsdam, N.Y.
ABSTRACT
Our existing 2-D model has recently been updated to incorporates ozone-
temperature feedbacks with more comprehensive radiative transfer calcula-
tions and more detailed temperature data input. We attempt to address the
following issues:
(a) Given the observed temperature changes for the past eight years, quan-
titatively how much ozone change can be produced by the dynamical effect of
the temperature change over the Arctic and Antarctic?
(b) How much of the reported change in globally averaged ozone can be
accounted for by temperature changes?
(c) The role of the diabatic circulation changes in the lower stratosphere
in determining the timing of the polar spring maximum and minimum.
(d) The role of the seasonal change in the diabatic circulation in causing
the fall minimum over the Arctic and the Antarctic.
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Com0arison of the Poleward Transr.,ort of Ozone in the Northern and
Southern Hemi$0heres
b_, .r s
I_. t !
Marvin A. Geller and Mao-Fou Wu
Laboratory for Atmospheres
NASA Goddard Space Flight Center
Greenbelt, MaCyland 20771
ancJ
Eric R. Nash
Applied Research Corporation
Landover, Ma'yland 20785
r' ,
J
ABSTRA_h.OX
Six and one-half years of NOAA/NMC gridded SBUV ozone data and
temperature data are used to extend Geller et al.'s (1988) study comparing
the transport of ozone to high latitudes in the Northern and Southern
Hemispheres. In this earlier study, it was pointed out that the poleward
transport of ozone varies annually in the Northern Hemisphere but has a
marked semiannual behavior in the Southern Hemisphere. This earlier
study covered the period from December 1978 to November 1982. Two and
one-half additional years have now been a_alyzed so that the analysis now
extends to July 1986. With this extended cata set, the maximum rate of
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increase in total ozone is seen to occur in January in the Northern
Hemisphere for all of the years investigated. In the Southern Hemisphere,
the maximum rate of increase is seen in September for almost all of the
years with a secondary maximum in the rate of increase in total ozone
often being seen during the March-April period. The nature of the seasonal
variation in total ozone is found to be much more variable in the Southern
hemishere than in the Northern Hemisphere.
Wave number one dominates the planetary wave contributions to the
poleward transport of ozone in both hemispheres. The amplitude of
planetary wave number one also is seen to undergo an annual variation in
the Northern Hemisphere and a semiannual variation in the Southern
Hemisphere as opposed to wave number two which shows more of an
annual variation in both hemispheres.
The computed poleward ozone transports will be shown for this six
and one-half year period to see the relation between it and the rate of
change of ozone at high latitudes on daily, seasonal, and year-to-year time
scales.
BSET LSB:5 
Geller, M. A., M.-F. Wu, and E. R. Nash, 1988: Satellite data analysis of
ozone differences in the Northern and Southern Hemispheres. To appear in
Pure A.ool. Geoohys.
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Radiative Aspects of Antarctic Ozone Hole in 1985 : _
/ i
H.Akiyoshi, M.Fujiwara and M.Uryu
Department of Physical, Faculty of Science,
Kyushu University, Fukuoka 812, Japan
In order to investigate the radiative heating effects of
aerosols during September-Octol, er,1985, at Antarctica, we have
solved the radiative transfer ,_quation using one dimensional
model, which includes the absorption of solar energy by water
vapor, carbon dioxide, ozone and aerosols, the thermal emission
and absorption by the above species and in addition, Rayleigh
and Mie scattering, and the surface scattering effects. In this
calculation, we have used data oI ozone density, water vapor den-
sity and aerosol extinction at 0.385, 0.453, 0.525 and 1.02_ m in
the stratosphere obtained by SAG}: II satellite and meteorological
data from NOAA. The SAGE II data have been suppl ted by
Dr. McCormick, NASA LRC.
Our result7, show that the A_tarctic stratosphere is nearly
in radiative equilibrium durint: that period, if the effects of
aerosols are excluded (Figure 1). It is also shown that the heat-
ing effects of aerosols are too _mall to cause effective upward
motions, in spite that some ambiguous parameters such as aerosol
composition, the size distributi,,n and so on are chosen so that
they magnify the effects (Figure 2). As to the parameter depen-
dences of our results will be al_o discussed.
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net heating, respectively.
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Additional heating rate due to aerosols, i.e., (heating rate
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black. Aerosols can heat the atmcsphere even in thermal spectrum
region, because of the low ambient temperature in this height
range. Dates, latitudes and longitudes of the data used in this
calculation are indicated in abscissa. The size of heating, 0.I
K/day, is also shown.
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On the origin of steep edges and filaments in vorticity and potential vorticity
fields.
D.G. Dritschel (DAMTP, Silver St., Cambridge, CB3 9EW, England)
High-resolution numerical calculations are shown which capture the fundamental
process responsible for the intensification of vorticity gradients in an iso-
lated vortex subject to externally imposed disturbances. Imposition of almost
any weak strain or shear field--we concentrate of "large-scale" fields having
no spatial scale selectivity--succeeds in stripping away the relatively weak
vorticity at the edge of the vortex and leaves it with gradients four to six
orders of magnitude greater than in the initial state. Calculations displaying
such enormous gradients have never been reported previously, because of the
artificial eddy diffusivities that always limit such gradients in standard
numerical models. The present calculations, which have no such limitations,
have been made possible by the development of a novel and robust new numerical
technique for vortex dynamics called "contour surgery".
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High-resolution dynamical modelling of the Antarctic stratospheric vortex, i
P.H. Haynes (AMTP_ Silver St., Cambridge, CB3 9EW, England) _ _ _ _ ! t_
Progress is reported on the high-resolutic,n three-dimensional numerical
simulation of flows characteristic of the Antarctic wintertime stratosphere.
The numerical model is a modified version of the Reading University sigma-
coordinate spectral model, used previously for tropospheric studies.
Physical parametrizations are kept to a minimum in order to concentrate
as much computing power as possible on simulating details of the dynamical
processes. The major question addressed is whether the features observed
in recent high-resolution two-dimensional simulations - namely (i) the
formation of a sharp edge to the vortex (seen in the potential vorticity
field), (ii) the survival of the polar vortex in a material entity, and
(iii) the formation of small-scale eddies rough the break-up of tongues
of high potential vorticity drawn out frow the polar vortex - are realised
in three-dimensional simulations.
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Simultation of the Transport of Halogen Species from the Equatorial
and Mid-Latitude Stratosphere to the Polar Stratosphere in a Two-
Dimensional Model
Yuk L. Yung', R.L. Shia', M. Allen "', R.W. Zurek", D. Crisp", and
J.S. Wen" ('California Institute of Technology, Pasadena, CA
91125; "'Jet Propulsion Laboratory, 4800 Oak Grove Drive,
Pasadena, CA 91109)
\
The bulk of 03 destruction in the Antarctic stratosphere takes
place in the lower stratosphere between 15 and 25 km. Both 03
and the halogen reservoir species have their origins in the higher
altitude region (20-30 km) in the equatorial and mid-latitude
stratosphere. Using the Caltech-JPL two-dimensional residual
circulation model, we investigate the growth of stratospheric
halogen due to the increase of CFCI3 and CF2CIz.
The model has 18 latitudes (pole to pole) and 40 vertical layers (0
to 80 km). It was run from 1972 to 1988, with CFCI3 and CFzCI2
specified at the lower boundary
F11(t)
F12(t)
= 96.5+9.0xt ,
= 162.7+ 15.3xt ,
where the mixing ratio is given in pptv and t is in years since 1972.
Preliminary conclusions are:
(a)
(b)
(c)
(d)
Between 1976 and 1987 the column abundance of HF at
45 N increased by 6 x 1014cm-2 (see Fig. la) compared with
an observed increase of 4 x 101 _m-z (Zander et aL, 1987a).
In the same period the column abundance of HC! at 45°N
increased by 9 x 1014cm-2 (See Fig. lc), compared with an
observed increase of 7 x 1014cm-2 (Zander et aL, 1987b;
Farmer, 1988 private communication).
The corresponding increases in HF and HCI at 85 S are 1.4
x 10is and 1.7 x 101s cm-2 respectively.
The increase of free fluorine (F×) and free chlorine (CIx)
occurs above 25 km at midlatitudes, but occurs much deeper
in the atmosphere at 85 S. (see Fig. 2).
References:
Zander, R., G. Roland, L. Delbouille, A. Sauval, C.B. Farmer and
R.H. Norton, 1987a. Monitoring of the integrated column of
hydrogen fluoride above Jungfraujoch Station since 1977 -
the HF/HCI column ratio. J. Atmos. Chem. 5, 385-394.
Zander, R., G. Roland, L. Delbouille, A. Sauval, C.B. Farmer and
R.H. Norton, 1987b. Column abundance and the long-term
trend of hydrogen chloride (HCI) above the Jungfraujoch
Station. J. Atmos. Chem. 5, 395-404.
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Figure Caption:
Fig. la. Column abundance of HF at 45 N Cue to increase of CFCI3
and CF2CI2 in the atmosphere.
Fig. lb. Same as Fig. la, for 85 S.
Fig. lc,d. Same as Fig. la,b for HCI.
Fig. 2a. Vertical profile of F× at 45 N and 85 S in Jan 1987 derived
from CFCI3 and 0F2CI2.
Fig. 2b. Same as Fig. 2a, for October 1987.
Fig. 2c, d. Same as Fig 2a,b for CIx.
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A Two Dimensional Model of the Quasi Biennial
Oscillation of Ozone
L.J.Gray, Rutherford Appleton Laboratory, Chilton, Didcot, Oxon., U.K.,
J.A.Pyle, Physical Chemistry Department, Cambridge University, Cambridge U.K.
ABSTRACT. The largest amplitudes of the observed Quasi Biennial Oscillation (QBO) in column ozone are
found in high latitudes and this must be taken into account in any explanation of the increased depletion of ozone
in the southern polar spring during the 1980's. A QBO in zonal wind, temperature and column ozone has been
successfully modelled in a two dimensional dynamical/chemical model by the introduction of a parametrization
scheme to model the transfer of momentum to the zonal flow associated with the damping of vertically propagating
Kelvin and Rossby-Gravity waves. The largest anomalies in column ozone of approximately 20 DU are present at
high latitudes. The equatorial ozone QBO is out of phase with the mid- and high latitude ozone QBO, in good
agreement with observations.
1 Introduction
The presence of a quasi-biennial oscillation (QBO) in zonal winds, temperature and column
ozone in the equatorial stratosphere is well known (Reed 1960, Veryand and Ebdon 1961, WaLlace
1973, Angell and Korshover 1978, Coy 1979, Tolson 1981, Hasebe 1983, Naujokat 1986). The
largest amplitudes of the ozone QBO, however, are found in high latitudes and this must be
allowed for in any explanation of the increasing depletion of ozone in the southern polar spring
during the 1980's (Bojkov 1986, Garcia and Solomon 1987). We describe a simulation of the
QBO in a two-dimensional model which extends from pole to pole and includes a comprehensive
photochemical scheme. We are therefore able to investigate the effects of the equatorial QBO
on the extra-tropical dynamics of the model and the relationship between the dynamical QBO
and the distribution of ozone.
2 The Model
The two-dimensional model of Harwood and Pyle (1975,1977,1980) was employed in the study.
The model configuration is essentially the same as that employed by Gray and Pyle (1987a),
hereafter referred to as GP, except that the improved 'wide-band' radiation scheme developed by
Haigh (1984) has been used. This has resulted in a much deeper and stronger Hadley circulation
in the equatorial lower stratosphere. (Note that, in this respect the present model differs from
that described by Gray and Pyle 1987b). The parametrization scheme to model the Semi-
Annual Oscillation (SAO) developed in GP was retained in the present runs but the gravity
wave breaking parametrization was omitted.
The zonal wind QBO has been modelled by including the momentum deposition associated
with thermally dissipating Kelvin and Rossby-Gravity waves. A WKB approximation is used
to derive an expression for the mean flow acceleration: _ = aexp(_)R(z)e_p(-P(z)) where
R(z) = _ and P(z) = f_o R(z')dz' (Lindzen and Holton 1968). A is the vertical momentum
flux at z0 (=16 km), a(z) is the thermal damping rate, N is the Brunt-Valsala frequency and
k is the zonal wavenumber. The equation was solved with parameter values appropriate to the
Kelvin and Rossby-Gravity waves shown in the table below. Note that two Kelvin waves were
forced which were identical apart from their phase speeds. The mean flow acceleration associated
with the faster phase speed c=60 ms -1 occurs at higher levels in the modelled atmosphere and
gives rise to the westerly phase of the SAO. The damping of the waves has been restricted to
thermal damping, as in the SAO paxametrization of GP; above 30 km the damping rate a(z)
was chosen to be the 'slow' damping rate of Dunkerton (1979) which peaks at approximately
2x10 -6 s-x at 50 kin; below this level a constant value of 0.35x10 -6 s -1 was specified. Although
no mechanical damping was explicitly employed in the QBO parametrization scheme, the model
includes a vertical diffusion operating on the model wind fields with a constant value of kzz = 1.0
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m2s -1 at all latitudes and heights. A gaussian distribution about the equator was applied to the
forcing associated with the two types of waves, with a_a e-folding width YL = (k_'_) ½ for the Kelvin
[ 2v _
waves and YL = t_J for the Rossby-Gr_xvity waves where u£ = c (Holton 1975). All other
symbols have their usual meaning and an overbar denotes a zonal average. The parametrized
forcing associated with the Kelvin and the Rossy-Gravity waves were both present at all times
of the modelled year.
li Zonvenum erIphase speed (ms -l )
A, amplitude of vertical momentum flux at z0 (m2s -l)
Kelvin Wave llossby-Gravity Wave
1 4
+25 +60
2.5 x 10 -3 3.5 x 10 -:l
-25
15.0 x 10 -3
3 The QBO in Zonal Wind
The time-height section of the zonal wind at the equ;_tor from a model run that included both the
QBO and SAO parametrizations is shown in figure i. Four periods of the QBO axe evident. The
semi-annual oscillation is dominant above 35 km aJtd the QBO is the dominant signal between
10 and 30 kin, in good agreement with observatioiJ:fl data. Both phases of the QBO exhibit a
gradual descent with time (at an average rate of j, st over 1 km per month); the amplitude of
the modelled QBO is a maximum at approximate y 25 km where the winds vary between 20
ms -1 and -18 ms -1. Thermal wind balance is m_dntained against thermal dissipation in the
model by the development of a meridional circulalion with adiabatic heating (cooling) in the
cold (warm) region associated with upward (dowr, ward) motion (Reed 1964, Plumb and Bell
1982). Therefore, the direction of the induced circt tation depends upon the phase of the QBO.
During a westerly (easterly) phase descending (asce_:_ding) motion is present at the equator, just
below the level of maximum wind shear, with rising (sinking) motion at mid-latitudes. The
direct forcing of the zonal wind in the model du_ to the damping of vertically propagating
equatorial waves is restricted to latitudes less than about 20 degrees from the equator; however,
changes to the modelled atmosphere, particularly in the amount of the ozone column, occur
further poleward of this as a result of the induced meridional circulation.
4 The QBO in Ozone
Observations of large ozone reductions in high scathern latitudes during Spring (Farman et
al., 1985) make the understanding of the latitudiI al variation of the ozone QBO particularly
important. Garcia and Solomon (1987), for example, have speculated that the QBO is relevant
to the understanding of the temporal variation of tl_e springtime column ozone in southern polar
latitudes during the 1980's.
The photochemical time constaDt of ozone decr_'ases with increasing altitude and generally,
at any given height, with decreasing latitude. With a lifetime of hours in the upper stratosphere
ozone is expected to be close to its steady state value. On the other hand, the ozone concentration
in the polar lower stratosphere can be far from it:_ equilibrium value since the photochemical
time scale is long in that region and dynamics e_:erts a major influence. Between these two
regions is a portion of the atmosphere where dy_amical and photochemical time scales are
roughly comparable. It is the morphology of this tr_msition region that defines the ozone budget
and distribution. The strength of the lower stratosphere circulation is a crucial parameter in a
successful model simulation of the ozone distributi,,n.
Figure 2 shows the time-series of ozone anomaly from the model run (the monthly mean
has been subtracted from each point). A prominen QBO signal is present at all latitudes. The
largest anomaly is in high latitudes, reaching 20 D_bson Units in some cases. A phase reversal
is present at approximately 20 degrees latitude so that high latitude anomalies are out of phase
with the equatorial anomalies. There is no evidence for in-situ photochemical control of the high
latitude ozone anomaly. This is not suprising given that the photochemical constant of ozone is
long there. None of the radicals involved in ozone yhotochemistry, including OH, HO:, NO and
NO2, show significant biennial variations in high latitudes.
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The overall behaviour of the modelled ozone QBO compares favourably with the zonally
averaged observations of the QBO derived by Hasebe (1983) using 6BUV data. In agreement
with observations the poaitive ozone anomalies occur at approximately the same time as the
westerly phase of the equatorial zonal wind QBO at 50 mb (see figure 2).
The modelled QBO in colunm ozone arises as a result of the interaction of dynamics and
photochemistry in the following sequence of events. The equatorial zonal wind QBO give rise
to a rising and sinking motion at the equator as already described. Hence, during a westerly
phase the strength of the equatorial ascent of the Hadley cell is reduced and during an easterly
phase it is enhanced. During an easterly phase the enhanced upward motion lowers the ozone
column by reducing the lower stratosphere mixing ratios, since the mixing ratio profile increases
with altitude; conversely, during a westerly phase downward motion increases the ozone column
by advecting higher mixing ratios into a region where the photochemical lifetime is long. Thus
during a westerly (easterly) phase a positive (negative) equatorial ozone anomaly will result.
The induced circulation is also responsible for the high latitude QBO in ozone. During a
westerly phase of the QBO the induced downward motion at the equator implies an upward
motion in the subtropics which opposes the Hadley circulation. The latitudinal extent of the
induced circulation is restricted to the subtropics, however (Plumb 1982), so that it cannot
directly transfer an ozone anomaly to high latitudes. Nevertheless, the descending arm of the
Hadley cell extends to mid-latitudes and crosses the transition region from photochemical to
dynamical control of the ozone distribution. Hence, for example, a suppression of the strength
of the Hadley circulation during a westerly phase of the QBO results in a negative anomaly
in mid-latitudes (not just in the subtropics). The ozone anomaly is then transferred further
poleward by eddy motions (this is opposed by the mean motion and hence the distribution of
ozone at high latitudes is determined by the balance between eddy and mean motion - see for
example, Harwood and Pyle (1977) and Haigh (1984)).
The high latitude column ozone anomaly maxima in the two hemispheres of the run are
displaced by several months; they tend to occur in spring/early summer and coincide with the
column ozone ma_ma. This compares well with observations and arises in the model because
the phase of the modelled QBO in column ozone tends to reverse during April/May of each year.
Because of the direction of the mean circulation in the following months the ozone anomaly is
immediately evident in the southern hemisphere mid-latitudes and this is then transferred to
higher latitudes via eddy transfer (which is strongest in winter months). The corresponding
anomaly maximum does not occur in the northern hemisphere until six months later when the
direction of the mean circulation has reversed in direction.
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Use of operational analyses to study the dynamics of troposphere- _ ,_/JJ_,
stratosphere interactions in polar regions " r'._
02139
David A. Salsteln and Richard D. Rosen
Atmospheric and Environmental Research, Inc., Cambridge, MA
Alvin J. Miller
NOAA/NWS/Climate Analysis Center, Washington, DC 20233 _]
i. Introduction
Operational analyses produced by large weather centers have been used in the
past to monitor various aspects of the general circulation as well as address dy-
namical questions. Concerns about the problems with these analysis fields in the
high southern latitudes have been expressed (Trenberth and Olson, 1988), however,
so that calculations of dynamic processes with such fields might be compromised.
For a number of years we have been monitoring National Meteorological Center
(NMC) analyses at I00 millibars because it is the level from which stratospheric
analyses are built. In particular, we have closely examined the pressure-work
term at that level which is an important parameter related to the forcing of the
stratosphere by the troposphere. Rapid fluctuations typically seen in this
quantity during the months of July-November, and similarly noted by Randel et al.
(1987) may raise some concern about the quality of the analyses. We have in-
vestigated the behavior of the term mainly responsible for these variations,
namely the eddy flux of heat, and furthermore have corroborated the presence of
these variations in contemporaneous analyses produced by the European Centre for
Medium Range Forecasts (ECMWF).
2. Evaluation of the pressure-work and eddy heat flux terms with operational
analyses
The vertical transfer of eddy kinetics energy across a level in the atmo-
sphere by means of boundary stresses [w*z*], where w is vertical velocity, z geo-
potential, brackets zonal mean and asterisk departure therefrom, can be written
after a number of assumptions including the geostrophic approximation, as follows
(Miller and Johnson, 1970):
f -I
[w'z*] = _ (a[#]/Sp) [u] • [v*8*] (i)
In this term, closely related to one component of the Eliassen-Palm (1960) flux,
8 is potential temperature, u and v zonal and meridional wind, p pressure, f
Coriolis parameter and g acceleration of gravity. The daily integrals of [w'z*]
at I00 mb between 20 ° and 90°S, calculated from NMC global analyses for 1986,
which are similar in character to earlier years, are displayed in Figure i. The
presence of large fluctuations, peaking in the June-November period, raise the
possibility that there were considerable problems with the analyses.
Of the multipliers on the right side of (I) we have isolated the erratic be-
havior in [w*z*] to the eddy heat flux term, [v*0*] in the vicinity of 55°-70°S,
which can be seen in the time-latitude display in Figure 2. During this part of
the year [v*#*] is rather quiescent at most other latitudes• Similar displays of
the zonal mean zonal winds [u] and the stability parameter 810]/8p reveal fairly
steady behavior, incapable of producing the fluctuations in Figure I.
As one means of checking the accuracy of the [v*9*] variations, we acquired
grid-point analyses from the ECMWF, and evaluated the same heat flux term at 5"
latitude intervals in this region. The comparison of the NMC- and ECMWF-derived
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parameters is displayed in Figure 3. _or the months of July-November 1986, there
is good agreement of the heat flux paramet_rs from the two centers, offering a
measure of confidence in the reality of _hese fluctuations. Although most of the
raw data going into each center's assimilation are identical, there are substan-
tial differences in the analysis and forec_ast components of the two centers.
Therefore such strong agreement between the two analyses would be unlikely if the
NMC heat fluxes were simply erroneous. Indeed the agreement between NMC and
ECMWF fields in the high southern latitudes, at least for zonal winds, has been
improving in recent years (Rosen et al. 1987).
3. Vertical and longitudinal structure of eddy heat fluxes
We have evaluated the [v*0*] term at other pressure levels to examine the
vertical structure of this quantity in hig_ latitudes. Plots of this quantity
(not shown) reveal that the fluctuations exist at the 50-mb level and they are
present down into the troposphere as low as the 300-mb level, however, decreasing
in amplitude with decreasing altitude.
We used the ECMWF analyses to investigate the longitudinal structure of the
eddy heat fluxes, v*0*. Eastward propogating features are clearly evident, as is
shown, for example, in Figure 4 for 65"S. Here, we observe that, for example,
between September and November, anomalies in this heat flux travel eastward, at a
rate of approximately 5-10 ms -I. No particular longitudinal origin of these
fluctuations is apparent, indicating that these features do not result from er-
roneous observations at fixed sites.
4. Conclusions
We have demonstrated that fluctuations in standing eddy heat fluxes, related
to the forcing of the stratosphere by the troposphere, agree in two largely in-
dependent meteorological analyses. We beli_eve, therefore, that these fluctua-
tions are mostly real. Further work must be performed to determine the dynamical
causes and consequences of these fluctuations, of course, but for now it is reas-
suring at least to find that the data sets available to pursue such work are ap-
propriate for this purpose.
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Daily values of the pressure-work term from NMC analyses at i00 mb
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CHEMISTRY OF CHLORINATED SPECIES IN THE ANTARCTIC STRATOSPHERE
Mario J. Molina, Tai-Ly Tso and Frank C.-Y. Wang
Jet Propulsion Laboratory
Pasadena, California 91109
The chemistry of C1202, the chlorine mo1_oxide dimer, has been further
investigated in order to better assess its potential role in catalytic
ozone destruction cycles. The dimer has been generated in a flow system,
in the 200-250K temperature range, by using ozone and chlorine atoms
as CIO precursors. The Cl-atoms are prc, duced by a microwave discharge
of either CI 2, or of F 2 with subsequent addition of HCI. With this later
scheme the dimer can be generated in the absence of CI 2.
The FTIR spectra of the products clE,arly indicates the presence of
two isomers, in agreement with our earlier results (J. Phys. Chem., 91,
433, 1987). None of the observed IR bands can he attributed to a CIO-
OCIO adduct, since they all appear in the absence of any detectable
amount of OCIO.
The dimer decomposes readily on surfaces yielding Cl 2 and 02 as
final products, even at temperatures low enough to rule out significant
dissociation back to the monomer. In our flow system these product
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species are monitored by absorption spectroscopy in the vacuum ultraviolet.
We are currently carrying out these experiments in the presence of water-
ice surfaces, in an attempt to predict the behavior of the dimer under
Antarctic stratospheric conditions.
We have also continued our studies of the physical chemistry of the
HCi-HNO3-water/ice system. We developed a high sensitivity technique
to monitor HCI vapor in the presence of water, by optical absorption
in the vacuum ultraviolet, in order to directly determine the vapor pres-
sures and the phase diagram of the system under conditions appropriate to
the Antarctic stratosphere. One of the major experimental difficulties
is the preparation and characterization of a suitable homogeneous solid
phase. The monohydrate of nitric acid has a relatively low affinity
for HCI, but this affinity increases rapidly as the water content in the
solid crystals increases.
It is likely that the particles in the polar stratospheric clouds
will have a relatively dilute nitric acid outer layer, even if the core
is the nitric acid monohydrate, since the particles are in equilibrium
with the ambient water vapor, which .is present initially at levels of
a few parts per million.
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STUDIES OF CIO AND BrO REACTIONS IMPORTANT IN THE
POLAR STRATOSPHERE: KINETICS AND MECHANISM OF THE CIO + BrO
AND CIO + OO REACTIONS
Randall R. Friedl and Stanley P. Sander
Chemical Kinetics and Photochemistry Group
Jet Propulsion Laboratory
California Institute of Technology
Pasadena, Californ ia 91109
A. Introduction
The reactions,
and
BrO + CIO -. Br + CIOO
--, Br _-OCIO
---, BrCI + 0 2
CIO + C10 -. CI _ CIOO
CI ,'- OCIO
-. C12 + 02
--* (CIO)2
2c)
2d)
have assumed new importance in explaining the unusual springtime depletion
of ozone observed in the Antarctic stratosphere. The mechanisms of these
reactions involve the formation of metastable intermediates which
subsequently decompose through several energetically allowed product
channels. The resulting pressure and temperature phenomenology is complex,
providing the motivation to study these reactions using both the discharge flow
-mass spectrometric and flash photolysis ultraviolet absorption techniques.
These methods have also been used to explore aspects of the kinetics and
spectroscopy of the CIO dimer.
B. Mass Spectrometric Studies of OO + BrO and (00)2 -
As part of a comprehensive study of the (210 + BrO reaction, kinetic and
product determinations were performed at 1 torr total pressure in a
temperature controlled discharge flow apparatus. Mass spectrometric detection
was employed with continuous sampling of the flow tube through a three stage
beam inlet system coupled to a quadrupo_e mass filter using electron impact
ionization.
Kinetic studies were carried out under pseudo first-order conditions in
excess C10. In order to avoid possible regcneration of BrO within the reaction
zone, radical sources were employed that did not use 0 3, in particular O + Br 2
(excess) --. BrO and Cl(excess)+ C120 --. CIO. Possible depletion of BrO in the
reaction zone by CI atoms, generated in thc CIO source and from both CIO +
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CIO and BrO + CIO, was avoided by insuring fast conversion of CI atoms to
BrCI with excess Br 2. The results of these kinetics experiments reveal that
the CIO + BrO reaction, like many of the halogen monoxide self reactions,
displays a negative temperature dependence as shown in Figure 1.
Product yields were determined from four distinct sets of experiments.
The first set employed conditions identical to those used for kinetic
determinations. Simultaneous measurements of OCIO and BrO were obtained,
revealing that the channel yielding OCIO constitutes a significant fraction of
the overall reaction. The second set of experiments also employed conditions
similar to those used for kinetic runs with the exception t_;_ the "O atoms
were generated using isotopically_labelled molecular oxygen ( 02). In these
experiments ,/,he production of 340 2 was monitored simultaneously with the
decay of BrI_O, providing a measure of the combined yield of the CI atom and
BrCI producing channels. A third set of measurements, which employed a CIO
source of CI + OC-lO(excess) and which focussed on detection of BrCI,
measured the same two channels as did the second set. The results of these
two sets were consistent with one another and with the conclusion of the first
set of experiments. Results from the third set of experiments also strongly
suggested that the reaction of Br with (CIO)2 rapidly forms BrCI. In the
fourth set of experiments, the channel forming BrC! was isolated by the
addition of large amounts of 0 3 to the flow tube. In these experiments the
BrCI channel constituted the only loss mechanism for BrO. The results derived
from this last series of experiments have important implications for the diurnal
behavior of OCIO in Antarctica as well as for reinterpretation of several
previous studies of CIO x + BrO x reactions.
During the investigation of the CIO + BrO reaction it was discovered
that under certain CIO source conditions a signal could be detected at rn/e
102. This peak has tentatively been assigned to the CIO dimer. A
temperature controlled, high _ressure source region has subsequently been
interfaced to the discharge now - mass sp.ectrometer system. We have
successfully optimized CIO dimer production m this source and are in the
process of characterizing the kinetic behavior of this species in the presence
of 03, OCIO, and various atomic species.
C. Flash Photolysis Studies of BrO and CIO Reactions
Reactions 1 and 2 were studied using the flash photolysis - ultraviolet
absorption technique. For the study of reaction 1, BrO and CIO were produced
by rapid reactions following the broad-band photolysis of Br 2 - C120 mixtures.
BrO and CIO were simultaneously monitored by long-path absorption. In order
to avoid some of the difficulties encountered in previous studies of this
reaction, CIO was produced in excess over BrO, and conditions were chosen
such that the secondary regeneration of BrO was negligible. From the analysis
of first-order BrO decays, rate constants for reaction 1 were obtained over the
temperature range 220-400 K and .pressure range 50-700 torr. The temperature
dependence of the yield of OCIO Irom reaction 1 was determined using a novel
time-resolved diode array spectrometer. Calibrated ultraviolet absorption
spectra for both BrO and CIO were obtained between 220 and 400 K in order
to interpret the kinetic and product studies of reaction 1. For the first time,
determinations were made of the rate constant temperature dependence for the
reaction
Br + C120 --. BrCI + CIO
and of quantum yields for the photolysis of C120, i.e.
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C120 + hu-. CI +CIO _1
--. 0 -_ C! 2 _2
Kinetic and spectroscopic studies of the C10 + CIO reaction were also
carried out using this technique. The pressure and temperature dependences of
the termolecular channel forming the CIO dimer were determined, and reaction
products were studied using the gated diode-array spectrometer.
ARRHENIUS PLOT FOR THE ClO + BrO REACTION
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Figure 1. Temperature dependence of the BrO + CIO rate constant from this
study and from Hills et al. (1987). DF/MS -- Discharge Flow/Mass
Spectroscopy, FP/UV-- Flash Photolysis/Ultraviolet Absorption.
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Abstract
The recent observations of elevated concentrations of the ClO
radical in the austral spring over Antarctica have implicated catalytic
destruction by chlorine in the large depletions seen in the total ozone
column. One of the chemical theories consistent with an elevated
concentration of the ClO is a catalytic cycle involving the formation
of the CiO dimer through the association reaction:
ClO + CiO = C1202 (i)
and the photolysis of the dimer to give the active Cl species necessary
for 03 depletion.
C1202 + hv = Cl + CIOO
ClOO (+ M) = Cl + 02
(2)
(fast) (3)
In the present paper we report experimental studies designed to
characterise the dimer of ClO formed by the association reaction (i) at
low temperatures. CIO was produced by static photolysis of several
different precursor systems: Cl + O ; Cl + CI_O 2 ; OCIO + CI_O ,
O^ or N^. The reaction products Sere {nvesti_ated _y photodiode a_ray
s_ectro_copy in the U.V. region, which allowed the time dependence of
Cl , Cl O, ClO, OClO, 03 and other absorbing molecules to bede_ermi_ed.
Fig. 1 shows product spectra recorded in three different CIO
precursor systems at 233K. Spectra la and ib were obtained using the
reactions of Cl + O and Cl + C10 as a source of CIO. These appear to
be associated with _he major product of the CIO + CIO reaction in the
temperature range 2OO-273K, whic_ we believe to be the dimer C1202.
The absorption scales with [CiO]- and becomes more stable as
tempe_tur_ decreases. By means of mass balance a value of (6.4 + 0.6)
x iO- cm molecule was obtained for the cross-section at the peak of
absorption at 245 nm. By observationoof the temperature dependence of
the concentration ratio [CI_O_]/[ClO] _, an expression is obtained for
the equilibrium constant fo_ _eaction (i):
K 1 = (4.2 + 0.3) x lO-30.T.exp (8720 + 360)/T)cm 3 molecule -I
Fig. 2 shows a Van't Hoff plot of the resultant values of K which
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Fig. 1 - Residual absorptions seen in the photolysis of (a) C12/O3/N2
mixtures (b) C12/C120/N2 mixtures (c) OClO/CI20/N 2 mixtures
al12_ d_rmination of AH 1 = -72.5 ± 3.(3 kJ mol -I and
mol -K -
AS 1 = -144 + ii J
The third spectrum in Fig. 1 was obtained when the photolysis of a
OCIO - C120 - N 2 mixture was used to make CiO:
OCiO + hv = ClO + O (4)
O + C120 = 2CIO (5)
The spectrum, which could also be produced in OClO - O 9 and OClO - N9
photolysis systems at low temperature, differs significantly from that
obtained in the systems without OClO present. At higher temperatures
and longer reaction times the spectrum changed shape to give an
absorption bearing a strong resemblance to that assigned to CI^O^. The
absorbance at short reactlon tlmes scaled approxlmately wlth t6e
product [OClO] x [ClO] indicating the formation of an adduct, Cl?O_,
via reaction of OCiO with ClO. The Van't Hoff plot of the equilIbgium
CIO + OClO = C1203 (6)
constants calculated on this basis at three temperatures in the range
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233-273K is shown in Fig. 2.
(6) :
The following thermochemical quantities were derived for reaction
AH 6 = -68.1 ± 2.6 kJ mol -I ; _S 6 = -165 ± iO kJ.mol-iK -I
We have also made a preliminary investigation of the photolysis of
the C1202 dimer, using light at 254 nm, close to the absorption
maximum. Our results indicate that the major photolysis channel is
reaction (2) producing a Cl atom and a CIO0 peroxy radical, as
suggested for the proposed catalytic cycle for O_ removal in the
antarctic stratosphere. This suggests that the 4stable" form of C1202
that we observe is of a peroxy type structure : Cl-O-O-Cl. This Is
consistent with theoretical calculations of the geometry and structure
o_ the possible ClO dimers.
20
Fig. 2 - A Van't Hoff plot of log K against T -I for the equilirbia:
CiO + CiO = C1202 (upper plot) an_ C_O + OClO = C1203 (lower plot).
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g' ,
James B. Burkholder, John J. Orlando, Pt,ilip D. Hammer, and Carleton J. _l_'_ _"
V /r
Howard, NOAA Aeronomy Laboratory, R/E/AI_2, 325 Broadway, Boulder, Colorado
80303 and Cooperative Institute for Research in Environmental Sciences
University of Colorado, Boulder, Colora4o and Aaron Goldman, Department
of Physics, University of Denver, Denver,Colorado 80208
There is considerable interest in °:he kinetics and concentrations of
free radicals in the stratosphere. Chlorine monoxide is a critically
important radical because of its role ill catalytic cycles for ozone
depletion. Depletion occurs under a wide variety of conditions including
the Antarctic spring when unusual mecha_lisms such as the BrOx/CIOx, CIO
dimer (C1202), and CIOx/HO x cycles are :_uggested to operate. Infrared
spectroscopy is one of the methods used to measure CIO in the stratosphere
[Menzies 1979 and 1983; Mumma et al. 19i_3]. To aid the quantification of
such infrared measurements we have meas_tred the CIO ground state fundamental
band intensity.
The high CIO concentrations and the low stratospheric temperatures
found in the Antarctic increase the likLihood of C1202 formation and
possible ozone destruction through the CIO dimer cycle. Little is currently
known about the chemistry and photochemi.stry of C1202. We have therefore
studied the CIO + CIO + M reaction prod_ict to characterize the C1202
infrared and UV absorption spectra.
The CIO band intensity and CIO + CIO + M reaction product measurements
are made using a flow tube reactor coupled to a fast flow multipass
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absorption cell. The absorption cell is optically coupled to a high
resolution Fourier transform spectrometer (FTS) (Bomem, Model DA3.002) for
infrared absorption measurements. A UV spectrometer is also optically
coupled to the absorption cell for simultaneous UV absorption measurements
on the gas sample.
CIO v - 0 i Band Intensity Measurement
The CIO radical infrared line intensities were first measured by
Rogowski et al. [1978] and Margolis et al. [1978] using tunable diode laser
spectroscopy. The results from these two experiments are in good agreement
and give a CIO v - 0 -i band intensity of S - 11.8 ± 2 cm-2atm -I at 298 K.
This band intensity value and all subsequent band intensity values discussed
include contributions from both chlorine isotopes and electronic spin
states. A subsequent Herman Wallis analysis of data from our laboratory
-2 -1
[Burkholder et al. 1987] gave S - 11.3 ± 2.0 cm atm in good agreement
with the experimental values. Kostiuk et al. [1986] using infrared laser
heterodyne spectroscopy to monitor CIO have recently reported a CIO band
intensity of S - 4.9 cm-2atm "I at 298 K, about a factor of 2.4 lower than
the other measurements.
The discrepancy among the CIO band intensity measurements is
significant and has a direct effect on the interpretation of quantitative
atmospheric and laboratory infrared CIO measurements. In order to resolve
this discrepancy we measured the v - 0 -i band intensity of the CIO radical
using directly calibrated [CIO]. The CIO spectra were recorded at 0.004
-I
cm resolution over the CIO concentration range 4 xl012 to 1.4 xl013
-3
molecule cm using two different chemical sources of CIO, CI + 03 and NO +
OCIO. Spectra were recorded at a total pressure of _ 0.4 torr, M - He. A
sample CIO spectrum recorded during these measurements is shown in figure i.
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Figure i
i I
800 825 850 875
Wovenum ber/cm -_
ClO radical infrared absorptioa spec=rum. The speczrum was
recorded at 0.004 cm "I resolu=ion in 50 coadded scans. [CIO] -
1.35 xl013 molecule cm "3
A preliminary value of _e measured integrated band intensity is S - 9.15
0
± 1.5 cm "2 arm "I at 296 K. A N 2 collisi_nal broadening coefficient of _ -
0.093 ± 0.018 cm "I arm "I was also determined from spectra recorded at
higher pressure, i0 tort N 2. The discrepancy between our FTS band intensity
measurements and I _tao_ of Kostiuk et al. [1986] will be discussed. A source
of systematic error in r/re use of the C1 + 03 reaction as a quantitative
source of CIO radicals will also be discused.
CIO + C_O Reaction Produc_
Molina and Molina [1987] have discussed the CIO dimer cycle:
CIO + CIO + M - C1202 + M (I)
C1202 + Puv - C1 + CIO0 (2)
ClO0 + M - Cl + 02 + M (3)
2( Cl + 03 - el0 + oz) (a)
NET 203 . 302 (5)
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and suggested that it may play an important role in the Antarctic ozone
depletion. At the temperature, pressure and [CIO] observed in the lower
Antarctic stratosphere, the self reaction of CIO to form the dimer, C1202,
is significant. At these temperatures, 190 210 K, the CIO dimer ,assuming
-I
a bond energy -16.5 kcal mole , would have a long thermal decomposition
lifetime, r - 20 hours. The UV absorption spectrum, photolysis rate and
reactivity of C1202 therefore need to be understood to determine the
significance of the CIO dimer cycle. Infrared and UV absorption
measurements of the CIO + CIO + M reaction products will be presented. Our
observations will be compared with the recent measurements of Molina and
Molina [1987].
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The unique conditions of low temperature and high observed CIO concentrations
in the Antarctic stratosphere have focussed attention on the possible role of
CIO dimers in the photochemistry of that region, particularly as related to
ozone depletion. Compared to other aspocts of stratospheric chlorine chemistry,
very little is known about the formation, structure, thermal decomposition,
photochemistry, and chemical reactivity of the dimer. Other possible complexes
of CIO, such as
CIO + CIO 2 _-* C1203
and
CIO + 02 +-CIO-O 2
are also very uncertain with regard to their importance under laboratory and
atmospheric conditions.
We have conducted a series of experiments on the chlorine-catalyzed photo-
decomposition of 03 both in the gas l:.hase and in inert solvents such as CF 4
and CO 2 in the temperature range of at:out 190 225 K. The liquid medium was
chosen in order to minimize possible surface loss of long-lived CIO dimer, and
to aid in the stabilization of transie_t excited intermediates. The mechanism
of dimer formation was as follows:
(1)
(2)
(3)
CI 2 + hv _ CI + CI
CI + 03 _ 610 + 02
CIO + CIO _ C1202
The experiments were done in cooled Low temperature cells, with irradiation
from an Osram high pressure mercury arc, filtered to remove radiation below
325nm. Spectral analysis was by means of a Cary Model 2200 UV spectrometer.
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The principal objectives were (I) to determine the lifetime of the dimer as a
function of temperature, (2) to observe spectral changes in the mixture which
could be attributed to dimer or related products, and (3) to observe chemical
or photochemical reactions of the dimer.
RESULTS
Gas Phase: A transient absorption spectrum attributed to symmetric CIO dimer
was obtained in experiments at 200-220K. (Figure I). Two methods were used to
obtain the spectra: (I) Following partial photodecomposition of the 03,
spectra were recorded and residual absorptions due to 03, C12, and the empty
cell were successively subtracted. (2) After photolysis, a difference spectrum
was taken before and after standing for a period of 10-30 minutes. The spectral
change on standing corresponded to the same absorption as that obtained by
method I, indicating that the dimer was unstable on a time period of a few
minutes. The proposed mechanism for dimer loss is discussed below.
Li__uid Phase: These experiments provided further evidence of dimer instability
at quite low temperatures. In liquid CO 2 near 225K, photolysis produced a
rapid 03 loss as expected from reactions i and 2, but no measurable CI 2 loss
corresponding to dimer formation by reaction 3. Computer simulations, assuming
a long dimer lifetime with respect to thermal decomposition, indicated that
measurable CI 2 loss should have been observed. There is evidence that the
dimer loss can be explained by the bimolecular self-reaction,
(4) C1202 + C1202 _ 2CI 2 + 202
Experiments at and below 200K in liquid CF 4 contrasted sharply with the above
experiments in liquid CO2, showing clear evidence of substantial product
formation. The observed products included OCIO and a material tentatively
identified as C1203. Spectral changes occurring in the mixtures on standing
indicate that dark reactions are also important in the overall process. We
consider that the onset of OCIO formation follows from the appearance of the
asymmetric dimer, CIOCIO, as a stable product in the liquid medium. Since
these products were not observed in gas phase experiments at the same
temperature, it is probable that efficient quenching of the CIOCIO reaction
intermediate is necessary to prevent isomerization to the more stable CIOOCI
structure.
(5) CIO + CIO _ [CIOCIO]*
(6) [CIOCIO]* _ CIOOCI
(7) [CIOCIO]* + M _ CIOCIO
Production of OCIO can be accounted for by the reaction:
(8) CI + CIOCIO _ CI 2 + OCIO
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MAJOR CONCLUSIONS
A spectral feature peaking near 245 nm, similar to that previously reported
by Ro A. Cox and cooworkers, is attrib,ated to the symmetric dimer CIOOCI.
The dimer CIOOCI undergoes a bimolecula_: self-reaction which can become the
dominant loss mechanism at low temperatur,_s.
The asymmetric dimer CIOCIO, Although pre_;ent as an excited intermediate in the
CIO + CIO reaction, is difficult to stabilize and would not be expected to be
produced under the low pressure condi]_:ions prevailing in the atmosphere.
COHPARISOHOF DIHER SPECTRA
O_TAINED BY
(l) SUBTRACTION
(2) CHHHGEOH STAHOING
Figure I.
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We will present results from modelling studies of the Antarctic low_er
stratosphere which have attempted to simulate the large springtime ozone
losses and corresponding changes in other traoe constituents, These studies
were carried out in a photochemical box" model, a one-dlmensional model
without transport and in a two-dimenslonal photochemical.dynamical-
radiation model.
The photochemical studies have investigated Inter alia the sensitivity
of ozone to inclusion in the model of heterogeneous chemistry, and to the
inclusion of the CIO dlmer. When both of these are incorporated in the model,
ozone depletions resembling those found in Halley Bay In 1987 (J.C. Farman,
Nature, 329. 1987) can be reproduced. We will discuss the temporai variations
(both diurnal and during the August to October period) of a number of
important tracersincluding HCl, ClONe2, OCIO and BrO.
The two-dimcnslonal study has concentrated on the difficulty of
establishing in the model the dynamical preconditioning of the lower polar
stratosphere - low temperatures, low N20, etc, high CIOx, We will present
calculationsto show: (I) the depletion of ozone during the springtime season,
(it)the effect of large ozone losses on lower latitudesand Oil) the longer term
(multi-year) variations of ozone In Antarctica, assuming realistic increases
in the atmospheric halogen burden.
266
N89.- 14fi04
The Chemistry of Antarctic Ozone 1960 - 1987
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The ozone abundance over Antarctica has declined rapidly during spring in recent
years (Farman et al., 1985), with nearly complele removal between about 11 and 20 km
by early October in 1986 and 1987 (Hofmann et al., 1987; Farman et al., in press 1988).
Marked declines in ozone were first observed during the 1970's, and rates of depletion
appear to have accelerated after 1980 (Farman et al., 1985; Krueger et at., 1987). The
present paper examines the factors that influence Antarctic ozone with a view to under-
standing the observed historical trend. We show that reduced ambient temperatures can
dramatically enhance the efficiency of chemical removal processes. Attention is focused
on positive feedback between levels of ozone, temperature, and rates for heterogeneous
chemical reactions.
Chemical models using recent kinetic data predict rapid loss of Antarctic ozone
after sunrise (McElroy et al., 1988, Salawitch et al., 1988, Wofsy et at., 1988), consistent
with observations from 1986 and 1987. Key chemical steps require very low tempera-
tures, needed to condense ice containing HCI and HNO3 to form the polar stratospheric
clouds (PSCs), Heterogeneous reactions on PSC particles convert inorganic chlorine to
reactive forms in the gas phase, mainly CIO and (C10)2 and odd nitrogen species are
efficiently scavenged from the gas phase (Molina et al., 1987; Tolbert et at., 1987, 1988;
Leu, 1988). Trace gas concentrations predicted by these models are consistent with the
observations of Farmer et at. (1987) and Solomon et al. (1987), from the 1986 NOZE
campaign, and the models yield concentrations of CIO consistent with the ER-2 data of
Anderson, Brune and coworkers. About 75% of the computed 03 removal is associated
with reactions of CIO and its dimer (Molina and Molina, 1987), and about 25% with
reactions of C10 and BrO (McElmy et al., 1986b).
Model results exploring effects of nighttinte heterogeneous chemistry are shown in
Figure 1. Conditions at the beginning of polar night were estimated on the basis of
detailed photochemical simulations of stratospheric chemistry at various latitudes in fall
(June), scaling to Antarctic latitudes along prcferred mixing surfaces (McElroy et al.,
1986b). Condensation was assumed to begin on July 1, corresponding to the first appear-
ance of PSCs (McCormick and Trepte, 1986). The composition of the ice was fixed at 2
mole % HC1 0Vofsy et al., 1988) during the early stages of condensation and HN03 was
assumed to be completely scavenged from the gas phase (Toon et al., 1986; Crutzen and
Arnold, 1986; McElroy et al., 1986a).
Four key heterogeneous reactions were assumed to operate at rates given by Leu
(1988) (reactions 1 and 2) and by Tolbert et al. (1988) (reactions 3 and 4):
CIN03 + HCl(s) _ }{NO3(s) + C12 (1)
C1NO3 + H20(s) --_ l lNO3(s ) + HOCI (2)
N205 + HCI(s) --_ CINO2 + HN03(s) (3)
N205 + H20(s) --) 2HNO3(s), (4)
where (s) denotes solid phase species. Production of nitryl chloride is seen to represent
an important component of the net loss of HCI, while odd nitrogen is converted mainly to
solid-phase HN03. At stratospheric sunrise chlorine species are rapidly converted to
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C10 andits dimer, andhigh levels of thesegasesare maintained until the clouds eva-
porate, on 15 September for the simulation shown here.
Concentrations of chlorine radicals decline after the clouds dissipate. The model
assumed that 50% of the HNO3 (s) returned to the gas phase when the clouds evaporated,
while 50% was removed by precipitation, consistent with the observations of Farmer et
al. (1987) in 1986 (McElroy et al., 1988). Photolytic destruction of HNO3 yields NO2,
which binds chlorine as relatively unreactive CINO3. Significant conversion of radicals
to HCI also occurred, by reaction of CI with CH4.
Analysis of these results shows that ozone losses are sensitive to several of our
assumptions, most of which relate to the formation and persistence of the PSCs:
(1) If the clouds last longer into the spring, high concentrations of radicals will persist
and ozone losses will continue longer, producing larger reductions of ozone by mid-
October.
(2) If less nitric acid is returned to the gas phase, formation of CINO3 would be retarded,
high concentrations of CIO would persist, and loses of ozone would be larger.
(3) If the rate of reaction of Cl with CI-I4 were slowed, formation of HCl would be
retarded. A slower rate could reflect an abundance of CI-Lt less than assumed here, or a
lower temperature resulting in a slower rate for reaction of C1 and CI-I4.
(4) If the height range of the region influenced by clouds were extended, losses of
column ozone would be correspondingly increased.
The persistence of the polar vortex itself may give rise to an observational bias, par-
ticularly in comparison of model results with monthly averaged data for ozone column in
October as reported, for example, by Farman et al. (1985). If the breakdown of the vor-
tex is delayed the October mean concentration of 03 will be more strongly influenced by
the springtime depletion.
The factors cited above all respond in the same way to reductions in stratospheric
temperatures. Colder temperatures would extend the time duration and the height range
for PSCs. Colder temperatures also would provide efficient precipitation of solid-phase
HNO3. There are intriguing hints that temperatures might indeed have declined in the
Antarctic stratosphere, reflecting perhaps reduced solar heating associated with ozone
reductions. Persistence of the vortex and'downwelling in the vortex (which would bring
in air depleted in CI-I4) might also be strengthened by diminished heating at low 03.
Figure 2 illustrates the influence of the above factors on column ozone, for levels of
inorganic chlorine appropriate for the time period between 1960 to 1987. The upper
curve shows the relatively modest declines in ozone preducted with the model in Figure
1. The lower curve shows the very low ozone columns if PSCs persist to the end of Sep-
tember, if CI-I4 is 50% less than assumed in Figure 1, and if 90%, rather than 50%, of
stratospheric HNO3 is assumed to precipitate. The effects of particular changes in model
parameters are also shown in Figure 2 (see caption).
The magnitude of the 03 loss is shown to be sensitive to the efficiency with which
HNO3 is removed from the stratosphere by precipitation and to the persistence and alti-
tude extent of PSCs. Loss of 03 may be expected to diminish the role of solar heating in
October, extending the lifetime of the polar vortex and promoting colder temperatures.
These factors could account for the accelerated removal of 03 observed over the past
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severalyears.
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FIGURE 1 COLUMN DENSITY vs TIME
The evolution of the column density between 12 and 20 km for species of the chlorine family
(left panel) and nitrogen family (right panel). The calculation used a latitude of 78°S and as-
sumed 3.3 ppb of Clx at high altitude, appropriate for 1985. Results are shown for local noon.
Polar stratospheric clouds were assumed to exist prior to September 15, with heterogeneous reac-
tions (1) - (4) occurring and HCI and HNO3 existing in the solid phase. Further details are pro-
vided in the text.
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FIGURE 2 OZONE COLUMN vs YEAR, 1960-1987
The ozone column calculated for October 15 at 78°S, using levels of Clx appropriate for each
year (1.0 ppb for 1960, 1.55 ppb for 1970, 2.4 ppb for 1978, and 3.3 ppb for 1985). The upper
curve shows results using the same assumptions used for Figure 1. The points show the effects of
changing various model assumptions: the triangle represents reducing the level of CH4 in the
model by 50%; the box represents extending the height range of the ozone loss to 11 to 25 km
(vs. 12 to 20 km); the circle represents precipitation of 90% of HNO3(s) (vs. 50%). The lower
curve combines all three of these changes. The effects are not additive due to the non-linearity of
the CIO---CIO loss process.
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P.J. Crutzen and C. Bruhl:
Modelling the "Antarctic Ozone Hole"
Abstract:
We have performed model calculations _f the ozone depletions taking place
in the Antarctic lower stratosphere. Maki_g the assumption that odd nitrogen
is frozen out on polar stratospheric haze i_articles, an analysis is given of
how much homogeneous reactions can contriblte to ozone loss during September -
October. Comparisons with observations in, licates the potential importance of
reactions with HCI in the polar stratosphe ic cloud particles.
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STRATOSPHERIC FEEDBACK FROM CONTINUED INCREASES IN TROPOSPHERIC METHANE
F. Sherwood Rowland and Donald R. Blake
Department of Chemistry, University of California Irvine, 92717
Tropospheric concentrations of methane have increased steadily over the
past ten years at an average rate of 16.5 ppbv per year, to a value in January
1988 of 1.69 ppmv. Measurements of CH 4 concentrations in air bubbles trapped
in ice cores have shown concentrations of about 0.7 ppmv 200 years ago, with
little further change for thousands of years before that. Interpolation earl-
ier into this century suggests a concentration of about 1.1-1.2 ppmv in the
1940s.
The only important pathway believed to be important for transfer of air
from the troposphere to the stratosphere is through the tropical tropopause
which is cold enough to reduce the mixing ratio of H20 in that air to about
3 ppmv. The only other major pathway for the delivery of H to the stratosphere
is through the simultaneous injection of gaseous CH 4 in the same rising air.
Satellite observations of the concentrations of both H20 and CH 4 have shown
that the summed H concentration is approximately constant at 12 ppmv H, the
equivalent of 6 ppmv H20, corresponding roughly to 3 ppmv H20 and 1.5 ppmv CH 4.
As the trace concentrations of CH 4 in the troposphere have increased from 0.7
to 1.0 to 1.7 ppmv, the total H in the stratosphere has probably risen from
about 4.4 to 5.0 to 6.0 to 6.4 ppmv H20 equivalent. In well-oxidized air with
most of its CH 4 converted to H20 , these H20 changes can account for as much as
45% more than was present 200 years ago, and 28% more than was there about 40-
50 years ago. (These estimates assume that no change has occurred in the av-
erage temperature of the tropical tropopause which controls the H20 concentra-
tion in the air entering the stratosphere.)
The formation of clouds in the stratosphere is dependent upon very low
temperatures, and generally upon the amount of water vapor available. The pos-
sibility of a positive feedback exists, especially in "well-oxidized methane"
air that clouds are easier to form than earlier. This could mean enhancement
of PSCs in both Antarctic and Arctic locations. Additional H20 in the strato-
sphere can also add to some of the greenhouse calculations.
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HIGH RESOLUTION FTIR SPECTROSCOI'Y of the CLO RADICAL
Valerie Lang, Stanley Sander and Randy Friedl
Jet Propulsion Laboratory, Califernia Institute of Technology
4800 Oak Grove Drive, Fasadena CA 91109
The chlorine monoxide radical, CIO, plays a significant role in the
catalytic destruction of ozone in the E_drth's stratosphere. Because of its
atmospheric importance, CIO has been the: subject of numerous observational
attempts. In order to deduce CIO concentrations from stratospheric infrared
measurements, the infrared spectroscopy of CIO must be well characterized.
FTIR spectra of the complete X2H3/2 - X2H3/2 and X2HI/2 - X21[I/2 (i-0)
fundamental vibrational-rotational bands of 35CI160 and 37CI160 have been
obtained at 0.005 cm -I apodized resolution. The short-lived radicals are
produced in a discharge-flow chemical reactor which contains a White-type
absorption cell. The typical infrared path length is 42 meters. During
acquisition of the FTIR spectra, an optical multi-channel analyzer is used to
monitor the CIO concentration by observing the A2Hi-X2Hi electronic band in the
uv region. Uv cross sections for CIO were obtained by titrating a known amount
of OCIO with excess C1 atoms and by titratJng CIO with NO.
Approximately 830 individual lines were measured from CIO infrared
spectra with the CIO concentration betwe_n 1X 1013 and 6 X 1013 molecules/
cm 3. The lines were then averaged and fit to a function of m (where m = 0,-J
or J+l for the Q,P and R branches respecti\,ely) to obtain the band strength, Sv
and the first Herman-Wallis coefficient, a. The total Sv for the two main
isotopomers was 13.11 ± i cm -2 atm -I while _ was 0.00412 ± .00062.
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